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P r e f a c e
The fo l lo w in g  d e s c r i b e s  r e s e a r c h  work p e rfo rm ed  
d u r in g  th e  p e r io d  S ep tem ber, 1957 , t o  S ep tem b er , I9 6 0 ,  
i n  th e  D epartm en t o f  N a tu r a l  P h i lo s o p h y ,  U n i v e r s i t y  o f  
G lasgow, i n  c a n d id a tu r e  f o r  a  P h .D . d e g r e e .
C h a p te r  I  c o n t a i n s  a  summary o f  th e  t h e o r e t i c a l  
a t t e m p t s  t o  d e s c r i b e  t h e  fu n d a m e n ta l  p h o to p ro d u c t io n  
m echanism .
C h a p te r  I I  i s  a  re v ie w  of p r e v io u s  e x p e r im e n ta l  
m ethods and r e s u l t s  i n  t h e  f i e l d  o f  low e n e rg y  p io n  
p h y s i c s .
C h a p te r  I I I  d e s c r i b e s  th e  a p p a r a tu s  w hich  I  h av e  
c o n s t r u c te d  and d ev e lo p e d  f o r  th e  d e t e c t i o n  and 
i d e n t i f i c a t i o n  o f  p o s i t i v e  and n e g a t i v e  c h a rg ed  p i -  
m esons. T h is  work i s  new i n  th e  r e s p e c t  t h a t  t h i s  i s  
th e  on ly  e l e c t r o n i c  te c h n iq u e  w hich  h a s  been  a b le  t o  
d e t e c t  b o th  ty p e s  o f  ch a rg ed  p io n  s i m u l t a n e o u s ly .
5 ie  work o f  d e s ig n in g  th e  a p p a r a t u s  was s h a re d  w i th  
D r. J .G .  R u th e r g l e n .
In  c o n c lu s io n  I  have d e s c r ib e d  some e x p e r im e n ts  
perform ed  t o  t e s t  th e  a p p a r a tu s  u n d e r  norm al w ork ing  
c o n d i t i o n s .  The i n t e r p r e t a t i o n  o f  t h e s e  r e s u l t s  was 
perfo rm ed  by m yself*
I n  C h ap te r  IV I  have d e s c r ib e d  an  ex p e r im e n t  i n  
which th e  r a t i o  o f n e g a t iv e  t o  p o s i t i v e  p i-m eso n s  
pho top roduced  from d e u te r iu m  was m easu red . The l i q u i d  
t a r g e t  u sed  was c o n s t r u c te d  by D r .  W. Hogg. The 
ex p e rim en t was perfo rm ed  i n  c o l l a b o r a t i o n  w ith  D r .  J .G .  
R u th e rg le n  w ith  whom a l s o  t h e  a n a l y s i s  o f  r e s u l t s  was 
s h a r e d •
C h ap te r  V c o n ta in s  a  d e s c r i p t i o n  o f  a  t h r e s h o l d  
meson ex p e rim en t w hich i s  t h e  on ly  ex p e r im e n t t o  d a te  
which shows c l e a r l y  th e  non l i n e a r  b e h a v io u r  o f  th e  
c ro s s  s e c t i o n  a s  t h r e s h o ld  i s  a p p ro ach ed . The l i q u i d  
t a r g e t  u se d  i n  t h i s  ex p e r im e n t was c o n s t r u o te d  by  Mr.
D. M i l l e r  whose h e lp  was g r e a t l y  a p p r e c i a t e d .  The 
c o l l e c t i o n  o f d a t a  d u r in g  th e  ex p e r im e n t which l a s t e d  
n e a r l y  one month was s h a re d  w i th  D r .  J .G .  R u th e rg le n  
and Mr. B . P a t e r s o n .  The e v a lu a t io n  and a n a l y s i s  o f 
th e  d a t a  was perfo rm ed  m ain ly  by m y s e l f .
I n  C h ap te r  VI an e x p e r im e n ta l  d e t e r m in a t io n  o f  
th e  en e rg y  spec trum  o f th e  b re m s s t r a h lu n g  beam from  th e  
Glasgow s y n c h ro t ro n  i s  d e s c r i b e d .  The gamma r a y
s p e c t r o m e te r  was d e s ig n e d  by M r. A .L . O o ck ro ft  and I  
was co n ce rn ed  on ly  w i th  c e r t a i n  sm a l l  m o d i f i c a t i o n s  
w hich had  t o  be made and a l s o  w i th  th e  d e s ig n  and 
c o n s t r u c t i o n  of th e  c o u n te r s  and c o in c id e n c e  u n i t s .
I n  C h ap te r  V II  I  have conc luded  by d i s c u s s i n g  
th e  p r e s e n t  s t a t e  o f  our knowledge i n  t h e  f i e l d  o f  low 
en e rg y  p io n  p h y s i c s .
A ppendix A d e s c r i b e s  anc e x p e r im e n t  I  have  p e rfo rm ed  
on th e  p o l a r i z a t i o n  o f f r e e  r e l a t i v i s t i c  e l e c t r o n s .
The m o t iv a t io n  f o r  t h i s  ex p e r im en t came from  a  r e c e n t  
p r o p o s a l  by D r .  K.M. Guggenheimer on th e  th e o ry  o f  
r e l a t i v i s t i c  f e rm io n s .
I n  Appendix B a  d e s c r i p t i o n  i s  g iv e n  o f  a  
p o s s i b l e  means o f o b ta in in g  h ig h  en e rg y  p la n e  p o l a r ­
iz e d  gamma r a y s  w i th  th e  u se  of a  p ro p o sed  e l e c t r o n  
a c c e l e r a t o r .  T h is  work i s  e n t i r e l y  t h a t  o f  m y s e l f .
I  sh o u ld  l i k e  t o  th a n k  D r .  J .G .  R u th e rg le n  f o r  
h i s  c o n s ta n t  a d v ic e  and c lo s e  g u id a n c e  i n  a l l  p h a s e s  
o f  t h i s  w ork . I n  c o n c lu s io n  I  would l i k e  t o  th a n k  
P r o f e s s o r  P . I .  Dee, P .R .S . ,  f o r  h i s  keen  i n t e r e s t  i n  
th e  w ork , and D r .  W. M cParlane and h i s  a s s i s t a n t s  f o r  
p r o v id in g  many h o u r s  of beam tim e on th e  s y n c h r o t r o n .
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Chapter I
I n t r o d u c t i o n
I t  i s  now q u a r t e r  o f a  c e n tu r y  s in c e  Yukawa 
p roposed  t h a t  a  p a r t i c l e  w hich we c a l l  th e  IT -  meson 
(p io n )  sh o u ld  e x i s t  and be r e s p o n s i b l e  f o r  th e  s t ro n g  
f o r c e s  w hich  a c t  be tw een  n u c le o n s .  The b a s i c  Yukawa 
a ssum ption  was t h a t  a p a r t  from o b v io u s  d i f f e r e n c e s  o f  
m ass, c h a rg e ,  s p in  and c o u p lin g  s t r e n g t h  th e  TT- meson 
p lay ed  a  r o l e  w i th  r e s p e c t  t o  th e  n u c le o n  which was 
an a lo g o u s  t o  t h a t  p la y e d  by th e  pho ton  w ith  r e s p e c t  
t o  th e  e l e c t r o n .
However, a s  e x p e r im e n ts  in v o lv in g  r e a l  TT- mesons 
have become p o s s i b l e ,  i t  i s  c l e a r  t h a t  th e  q u a n t i t a t i v e  
e x p la n a t io n  o f  o b se rv e d  c r o s s  s e c t i o n s  f o r  meson 
p ro d u c t io n  and s c a t t e r i n g  i s  a t  l e a s t  a s  im p o r ta n t  a  
t a s k  f o r  th e  th e o ry  a s  th e  e x p la n a t io n  o f  n u c l e a r  
f o r c e s .  In d eed  i t  h a s  been  from  such e x p e r im e n ts  
in v o lv in g  f r e e  T T -m e so n s , t h a t  t h e i r  fu n d am en ta l p ro ­
p e r t i e s  have  been  r e v e a l e d .  We now know t h a t  th e y  
have z e ro  i n t r i n s i c  s p in  and e x h i b i t  odd p a r i t y  
r e l a t i v e  t o  th e  n u c le o n .  A good d i s c u s s i o n  of t h e s e  
and o th e r  p r o p e r t i e s  h a s  been g iv e n  by B e the  and de 
Hoffmann (1 9 5 5 )•
Meson p ro d u c t io n  h a s  been  acco m p lish ed  by two 
p r i n c i p a l  t e c h n i q u e s .  These a r e  by n u c le o n  -  
n u c le o n  and pho to n  -  n u c le o n  c o l l i s i o n s .  The fo rm e r  
te c h n iq u e  in v o lv e s  two n u c le o n s  r a t h e r  th a n  one and i s  
fu n d a m e n ta l ly  more c o m p lic a te d  th a n  p h o to p ro d u c t io n  o r  
f o r  t h a t  m a t t e r  meson -  n u c le o n  s c a t t e r i n g .
The f i r s t  o b s e r v a t io n s  o f th e  c r e a t i o n  o f  ch a rged  
p io n s  i n  n u c l e a r  c o l l i s o n s  o f  p h o to n s  were made a t  
B e rk e le y  by M cM illan e t .  a l .  (1949) when a  ca rb o n  
t a r g e t  was i r r a d i a t e d  w i th  a  b re m s s t r a h lu n g  beam of 
maximum ene rg y  535 MeV • S h o r t ly  a f t e r w a r d s  S t e i n -  
b e r g e r  and B ishop  (1950) i n v e s t i g a t e d  cha rg ed  p io n  
p h o to p ro d u c t io n  from  p r o t o n s .  I t  i s  n a t u r a l  t o  
e x p e c t  t h a t  t h e  p ro d u c t io n  o f  mesons from  s i n g l e  
n u c le o n s  would y i e l d  th e  m ost in f o r m a t io n  a b o u t  th e  
n a t u r e  o f  mesons and t h e i r  c o u p l in g  t o  n u c le o n s .  In  
g e n e r a l ,  a  s tu d y  o f  TT- meson p ro d u c t io n  from  complex 
n u c l e i  y i e l d s  more in f o rm a t io n  ab o u t n u c l e a r  s t r u c t u r e  
th a n  a b o u t  th e  e le m e n ta ry  Yukawa i n t e r a c t i o n .
We may r e p r e s e n t  th e  above two ty p e s  o f  r e a c t i o n s  
by th e  f o l lo w in g :
( i )  From f r e e  n u c le o n s
n  (1 )
X +  n  7T- +  P  (2 )
( i l )  Prom complex n u c l e i  -  bound f i n a l  s t a t e
(5)
-  con tinuum  f i n a l  s t a t e
if ^  7T^
w ith  s i m i l a r  e q u a t io n s  f o r  TT" p r o d u c t io n .
In  t h i s  T hesis*  c o n s i d e r a t io n  w i l l  be g iv e n  t o  p h o to ­
p ro d u c t io n  up to  pho ton  e n e r g i e s  o f  ab o u t 350 MeV.
At e n e r g i e s  n o t  much h i g h e r  th a n  th i s *  c o m p l ic a t io n s  
b e g in  t o  s e t  i n  due to  th e  p o s s i b i l i t y  o f  m u l t i p l e  
meson p r o d u c t io n .
I n  t h e  p r o c e s s e s  (1) t o  (4) th e  p h o to n s  have 
a lw ays  been  o b ta in e d  i n  th e  form  o f  th e  b re m s s t ra h lu n g  
r a d i a t i o n  from  an  e l e c t r o n  a c c e l e r a t o r .  B ecause th e  
en e rgy  sp ec tru m  o f b re m s s t ra h lu n g  r a d i a t i o n  i s  
c o n t in u o u s  th e  energy  o f  th e  pho ton  r e s p o n s ib l e  f o r  
a  g iv e n  e v e n t  i s  n o t  u s u a l l y  known. However, i n  th e  
ca se  o f  ( i ) ,  b e in g  a  two body p r o c e s s ,  th e  m easurem ent 
o f th e  a n g le  and energy  o f  one o f  th e  r e c o i l i n g  
p a r t i c l e s  u n iq u e ly  s p e c i f i e s  th e  k in e m a t ic s  o f  th e  
r e a c t i o n ,  i n c lu d in g  th e  en e rg y  o f  th e  i n i t i a t i n g  gamma 
r a y .  I n  r e a c t i o n  ( l )  th e  r e c o i l i n g  p a r t i c l e  chosen  
i s  i n v a r i a b l y  th e  cha rged  p i-m e so n .
(a )  P h o to p ro d u c t io n  o f  P io n s  from  H ydrogen .
S in ce  th e  p io n e e r in g  e x p e r im e n ts  o f  S t e in b e r g e r  
e t .  a l .  ( 1950) a  g r e a t  q u a n t i t y  o f  e x p e r im e n ta l  d a t a  
h a s  a c c u m u la te d .  I n  g e n e r a l ,  f o r  com parison  w i th  
t h e o r y ,  th e  main c h a r a c t e r i s t i c s  o f  p io n  p h o to ­
p r o d u c t io n  a r e  th e  shape and e n e rg y  dependence o f  th e  
a n g u la r  d i s t r i b u t i o n s ,  and th e  en e rg y  dependence and 
a b s o lu t e  m agnitude  o f  th e  t o t a l  c r o s s  s e c t i o n s .
The s a l i e n t  f e a t u r e s  o f  th e  e x p e r im e n ta l  r e s u l t s  
a p p e a r  t o  be  t h r e e f o l d ;
i )  The t o t a l  c r o s s  s e c t i o n s  f o r  b o th  TT^ and TT
p h o to p ro d u c t io n  were found t o  e x h i b i t  a  
r e s o n a n t  b e h a v io u r  a t  a  p h o to n  energy  n e a r  
300 MeV. T h is  was shown t o  be due t o  a  
s p e c i a l l y  s t ro n g  P -  wave i n t e r a c t i o n  i n  th e  
p io n  -  n u c le o n  system  (B ethe and de Hoffmann
1955) .
i i )  At t h r e s h o ld  th e  p ro d u c t io n  c r o s s  s e c t i o n
in c r e a s e d  p r o p o r t i o n a l l y  t o  ( E g -  E<, ) where 
i s  th e  pho ton  energy  and Eo i s  th e  t h r e s ­
h o ld  en e rg y  f o r  th e  r e a c t i o n .  T h is  t o g e t h e r  
w i th  th e  f a c t  t h a t  t h e  a n g u la r  d i s t r i b u t i o n  
was a lm o s t  i s o t r o p i c  n e a r  t h r e s h o l d  i n d i c a t e d  
t h a t  th e  p io n  was p r i n c i p a l l y  e m i t te d  a s  an  
S -  wave.
i i i )  I n  c o n t r a s t  t o  t h e  TT'*’ p ro d u c t io n  a t  t h r e s h o l d ,  
th e  TT® c r o s s  s e c t i o n  was found  t o  i n c r e a s e  
a s  (E^ -  E^ i n d i c a t i n g  a  p redo m inan t 
P -  wave p ro d u c t io n  o f  th e  n e u t r a l  p io n .
The t h e o r e t i c a l  work # i i c h  h a s  endeavoured  t o  
p roduce  a  com ple te  d e s c r i p t i o n  o f  th e  ^ d o to p ro d u c tio n  
o f  mesons h a s  undergone  t h r e e  d i s t i n c t  p h a se s  o f  
deve lopm ent i n  th e  y e a r s  s in c e  1 9 4 9 • l e t  u s  c o n s id e r  
t h e s e  p h a s e s  i n  Some d e t a i l .
Phase  I
These e a r l y  t h e o r e t i c a l  t r e a tm e n t s  can  be sub ­
d iv id e d  i n t o  t h r e e  p e rh a p s  s l i g h t l y  o v e r la p p in g  g ro u p s
1 .  S tro n g  c o u p l in g  ( c l a s s i c a l )  t h e o r i e s .
2 .  Weak c o u p l in g  ( r e l a t i v i s t i c )  t h e o r i e s .
3 .  P henom eno lo g ica l t h e o r i e s .
The f i r s t  two o f  t h e s e  g ro u p s  a r e  now on ly  o f  i n t e r e s t  
from  a  h i s t o r i c a l  p o in t  o f  v ie w . The c h a r a c t e r i s t i c s  
o f  s t r o n g  c o u p l in g  t h e o r i e s  a r e  t h a t  th e  n u c le o n s  a r e  
t r e a t e d  n o n - r e l a t i v i s t i c a l l y ,  t h a t  th e y  have  a f i n i t e  
s i z e ,  and t h a t  b o th  n u c le o n s  and mesons a r e  t r e a t e d  
c l a s s i c a l l y ,  (B ru eck n er  and Case 1951, Watson 1 9 5 2 ) ,  
(B ru eck n er  and Watson 1 9 5 2 ) .  I t s  fu n d am en ta l w eakness 
l i e s  i n  th e  f a c t  t h a t  t h e  p io n  -  n u c le o n  c o u p l in g  i s  
n o t  r e a l l y  s t r o n g  enough f o r  one to  t r e a t  th e  v i r t u a l  
mesons a s  an  u n q u a n t iz e d  c l a s s i c a l  f i e l d .  However,
q u a l i t a t i v e  ag reem en t with, th e  o b se rv ed  a n g u la r  
d i s t r i b u t i o n  and energy  dependence i s  o b ta in e d .
The p o i n t  o f  v iew  in  t h e  weak c o u p l in g  app roach  i s  
e n t i r e l y  o p p o s i te  to  t h a t  d i s c u s s e d  ab o v e . Here i t  
i s  assumed t h a t  i n  th e  H a m il to n ia n  o f  th e  sy s tem , th e  
p a r t  c o r re s p o n d in g  t o  th e  f r e e  p a r t i c l e s  i s  c o n s id e re d  
much l a r g e r  th a n  th e  te rm  d e s c r i b in g  th e  i n t e r a c t i o n  
and t h a t  t h e r e f o r e  t h i s  te rm  can be c o n s id e re d  a sm all 
p e r t u r b a t i o n  i n  th e  H a m il to n ia n .  The r e s u l t i n g  
m a th e m a t ic a l  method can be t h a t  o f  th e  u s u a l  p e r tu r b a ­
t i o n  c a l c u l a t i o n  o r  t h a t  o f th e  so c a l l e d  Tamm D ancoff 
m ethod (D aneoff 1 9 5 0 ) .  U n f o r tu n a te ly ,  w h i le  th e  meson 
n u c le o n  c o u p l in g  c o n s ta n t  i s  to o  sm a ll  f o r  a  s t r i c t  
s t r o n g  c o u p l in g  a p p ro a c h ,  i t  i s  to o  l a r g e  f o r  th e  weak 
c o u p l in g  th e o ry  to  be e f f e c t i v e .  C o n seq u en tly  th e  
r e s u l t s  a r e  seldom  i n  agreem ent w i th  e x p e r im e n t .
The phen o m en o lo g ica l app roach  i n  g e n e r a l ,  e x p lo r e s  
th e  co n seq u en ces  o f  th e  most b a s i c  law s i n  p h y s ic s  a s
a p p l i e d  to  th e  s p e c i f i c  s i t u a t i o n  i n  h a n d . These law s
u s u a l l y  d e s c r ib e  th e  symmetry p r o p e r t i e s  i n  n a t u r e ,  
such  a s  c o o r d in a te  i n v e r s i o n s .  In  p a r t i c u l a r  
c o n s e r v a t io n  o f  momentum, e n e rg y ,  i s o t o p i c  s p in ,  
a n g u la r  momentum and p a r i t y  have b een  u sed  by F e ld  (1953)
i n  h i s  e x c e l l e n t  p a p e r ,  and s u b s e q u e n t ly  by Y/atson e t  a l .
(1 9 5 6 ) .
S in ce  such  an a p p ro ach  l e a d s  t o  g e n e r a l l y  v a l i d  
c o n c lu s io n s ,  in d e p e n d e n t  o f  s p e c i f i c  meson t h e o r i e s ,  
and i s  b a se d  on ly  on th e  f i r m ly  e s t a b l i s h e d  p s e u d o s c a la r  
n a t u r e  o f  th e  p io n ,  we re p ro d u c e  w hat h a s  become known 
a s  th e  "F e ld  scheme” in  f i g u r e .  I The a n g u la r  
d i s t r i b u t i o n  o f  th e  p ro d u c t  p io n  i s  d en o ted  by W ( 0 ) ,  
where 0 i s  th e  a n g le  t h a t  t h e  p io n  d i r e c t i o n  makes w i th  
th e  i n c i d e n t  d i r e c t i o n  o f  th e  gamma r a y .  I t  i s
i n t e r e s t i n g  t o  n o te  t h a t  W (0 ) depends on ly  on j  and
, where j  i s  th e  t o t a l  a n g u la r  momentum o f  th e  
system  and i s  th e  o rd e r  of th e  r a d i a t i o n ,  b u t  n o t
on th e  a n g u la r  momentum o f  th e  e m i t te d  p io n  o r
on th e  n a tu r e  ( i . e .  e l e c t r i c  o r  m ag n e tic )  o f  th e  
m u l t ip o le  i n v o lv e d .  The p io n  momentum dépendance g iv e n  
i n  t h e  l a s t  column i s  r e l i a b l e  on ly  n e a r  t h r e s h o ld  and 
w i l l  be compared w i th  e x p e r im e n ta l  r e s u l t s  i n  th e  n e x t  
c h a p te r  •
Phase  I I
The em phasis  a t  t h i s  s ta g e  was on an ap p ro ach  t o  
th e  Yukawa th e o ry  w hich h a s  been  d ev e lo p ed  a lm o s t  
e n t i r e l y  s in c e  1954 . Chew and Low d ev e lo p ed  t h e i r  so  
c a l l e d  n o n - l o c a l  o r  c u t - o f f  form  o f  t h e  Yukawa th e o ry  
which h a s  had o u ts ta n d in g  s u c c e s s  i n  d e s c r ib in g  low
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Mag. dipole Ï + 1 r* constant P*
Mag. dipole i  + 1 Pi 2 +  3 sin* 0 P*
Elect, dipole i  - 0 Si constant P
Elect, dipole Î - 2 Di 2 +  3 sin* d P*
Elect, quadrupole Î + 1 Pi 1 +  COB* 0 p*
Elect, quadrupole Î  + 3 Pi 1 + 6  COS* 0 — 5 COB* 0
8ene rgy  meson phenomena, i n c l u d i n g  b o th  p h o to p ro d u c t io n  
and s c a t t e r i n g .
The d i f f i c u l t y  i n  e v a lu a t i n g  th e  l o c a l  form  o f  
th e  Yukawa th e o ry  i s  t h a t  i t  l e a d s  t o  v i r t u a l  n u c le o n  
a n t i - n u c l e o n  p a i r s  which p roduce  a  f e a r f u l  c o m p l ic a t io n .  
The c u t - o f f  form o f  th e  t h e o r y  c i rc u m v e n ts  t h i s  
d i f f i c u l t y  by in t r o d u c in g  a  n o n - l o c a l i t y  t o  sm ear o u t  
th e  p io n  -  n u c leo n  i n t e r a c t i o n .  T h is ,  o f  c o u r s e ,  
i n t r o d u c e s  a  new p a ra m e te r ,  th e  s i z e  o f  t h e  i n t e r a c t i o n  
r e g io n .  Thus th e  c u t - o f f  t h e o r y  c o n ta in s  two 
p a r a m e te r s ,  namely th e  p io n  -  n u c le o n  c o u p l in g  c o n s ta n t  
and t h e  p io n  -  n u c le o n  " e f f e c t i v e  -  r a n g e "  o f  
i n t e r a c t i o n .  The a ssu m p tio n  o f  a  " r a d i u s "  o f  th e  
i n t e r a c t i o n  re g io n  i s  r e l a t e d  t o  a  c u t - o f f  i n  momentum 
space  ( Wmax in  u n i t s  o f  meson m ass) th ro u g h  a  F o u r i e r  
t r a n s f o r m .  Chew and Low have  shown t h a t  th e  c u t - o f f  
th e o ry  i s  h ig h ly  s u c c e s s f u l  i n  c o r r e l a t i n g  p h o to ­
p ro d u c t io n  w i th  meson s c a t t e r i n g  i f  a  v a lu e  o f  Wmax 
and ( re n o rm a l iz e d  c o u p l in g  c o n s t a n t )  =» 0 .0 8  a r e
em ployed. The c u t - o f f  th e o r y  i s  d i s c u s s e d  by Chew
(1957) i n  h i s  e x c e l l e n t  r e v ie w  a r t i c l e .
Phase I I I
In  t h e  l a s t  f o u r  y e a r s  an  e n t i r e l y  new a p p ro a c h  
t o  th e  whole prob lem  of e le m e n ta ry  p a r t i c l e  i n t e r a c t i o n s
h as  d ev e lo p ed  w i th  th e  a p p l i c a t i o n  o f  d i s p e r s i o n  
r e l a t i o n s *  The f i r s t  im p o r ta n t  c o n t r i b u t i o n  a lon g  
th e s e  l i n e s  was due t o  Chew, Low, G o ld b e rg e r  and 
Nambu (1957) i n  t h e i r  now famous paper*
I n  g e n e r a l ,  th e  new s tu d y  s t a r t e d  from  an 
e x p l i c i t  form  o f  th e  Yukawa s c a t t e r i n g  m a t r i x ,  d e r iv e d  
by Low (1955) and m o d if ie d  by G o ld b e rg e r  (1 9 5 5 ) ,  and 
h as  a t te m p te d  t o  deduce c e r t a i n  f u n c t i o n a l  p r o p e r t i e s  
o f th e  s c a t t e r i n g  m a tr ix *  The m o t iv a t io n  f o r  t h i s  
was th e  d e s i r e  t o  g e n e r a l i z e  d i s p e r s i o n  r e l a t i o n s  which 
have been  known i n  e l e c t r o m a g n e t ic  th e o ry  f o r  many 
y e a r s .  I t  tu rn e d  o u t  t h a t  t h e r e  was a  p l a u s i b l e  and 
e s s e n t i a l l y  un iq ue  way i n  which th e y  co u ld  be 
g e n e r a l i z e d  and th e  r e s u l t  c o in c id e d  w i th  c e r t a i n  
i n t u i t i v e  c o n j e c tu r e s  o f  Nambu*
However, a t  t h a t  t im e  th e  r i g o r o u s  d e r i v a t i o n  o f 
th e  TT- meson d i s p e r s i o n  r e l a t i o n s  r e q u i r e d  a s su m p tio n s  
ab o u t th e  u n d e r ly in g  th e o r y  which had( n o t  b een  proved* 
The f i r s t  p ro o f  o f  th e  a n a l y t i c i t y  o f  th e  d i s p e r s i o n  
r e l a t i o n s  i n  p h o to p ro d u c t io n  o f p io n s  was g iv e n  by 
Bremermann, Oehme and T a y lo r  (1958) and Oehme and 
T a y lo r  (1959) u s in g  th e  th e o r y  o f  f u n c t i o n s  o f  s e v e r a l  
complex v a r i a b l e s .  I n d e p e n d e n t ly ,  B ogoliltbov  (1959)
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was a b le  t o  show, i n  a  s l i g h t l y  d i f f e r e n t  
r e p r e s e n t a t i o n ,  th e  c o r r e c t n e s s  o f  th e  d i s p e r s i o n  
r e l a t i o n s  i n  p io n  p h o to p ro d u c t io n .  S im u lta n e o u s ly  
Lehmann (1959) u s in g  a  y ^ i t e  d i f f e r e n t  a p p ro a c h ,  
nam ely  an i n t e g r a l  r e p r e s e n t a t i o n  o f  th e  commutator 
b r a c k e t ,  was a b le  t o  a r r i v e  a t  t h e  same c o n c lu s io n s .
I t  would seem t h a t  t h i s  l a s t  a p p ro a c h  i s  th e  m ost 
e l e g a n t  and s im p le  t r e a tm e n t  o f  th e  complex p ro b lem .
I t  would a p p e a r  t h a t  a l l  th e  in fo rm a t io n  w hich 
th e  Yukawa a p p ro a c h .  ' c o n ta in s  i s  a l s o  c o n ta in e d  i n  
th e  d i s p e r s i o n  e q u a t io n s  when th e s e  a r e  supplem ented  
by u n i t a r i t y .  The c o n d i t io n  o f u n i t a r i t y  f o r  p h o to ­
meson p r o d u c t io n  am ounts t o  th e  s t a te m e n t  t h a t  i f  th e  
p ro d u c t io n  a m p li tu d e  i s  decomposed a c c o rd in g  t o  t o t a l  
a n g u la r  momentum, t o t a l  i s o t o p i c  s p in  and p a r i t y  of 
th e  f i n a l  s t a t e  th e n  each  " e ig e n  -  a m p li tu d e "  h a s  a  
p h ase  0 *^  where S  i s  th e  s c a t t e r i n g  phase  s h i f t  f o r  
th e  s t a t e  i n  q u e s t i o n .  I t  i s  th e n  p o s s i b l e  t o  
p r o j e c t  o u t d i s p e r s i o n  r e l a t i o n s  f o r  i n d i v i d u a l  m u l t i ­
p o le  a m p l i tu d e s  w hich depend o n ly  on a  s i n g l e  v a r i a b l e  
W ( th e  t o t a l  energy  i n  th e  b a r y c e n t r i c  s y s te m ) •
Using = 0 .0 8 ,  a  cam p ariso n  by K o e s te r  and
M i l l s  (1957) o f  th e  n u m e r ic a l  r e s u l t s  o f  the  
d i s p e r s i o n  method f o r  n e u t r a l  p io n  p ro d u c t io n  w i th  th e
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b e a t  a v a i l a b l e  e x p e r im e n ta l  d a t a  r e v e a l s  e x tre m e ly  
good ag reem en t*  I t  t u r n s  o u t  t h a t  t h e  , TT® 
mass d i f f e r e n c e  i s  a t  l e a s t  a s  im p o r ta n t  a s  some o f 
t h e  a p p ro x im a t io n s  i n  th e  n u m e r ic a l  e v a l u a t i o n .  A 
m a jo r  e x t e n s io n  o f  th e  th e o r y  would be r e q u i r e d  t o  
h a n d le  t h e  mass d i f f e r e n c e  p r o p e r ly  s in c e  a  v i o l a t i o n  
o f  ch a rg e  independen ce  i s  in v o lv e d .
I n  th e  case  o f  p o s i t i v e l y  cha rged  p io n  p r o d u c t io n  
B e rn a rd  i n i  (1959) u s in g  ^  -  0 .0 8  h a s  c a r r i e d  o u t  a
com p ariso n  o f  th e  n u m e r ic a l  r e s u l t s  o f  th e  d i s p e r s i o n  
method w i th  th e  b e s t  a v a i l a b l e  e x p e r im e n ta l  in fo rm a t io n  
and found  r e a s o n a b le  (w i th in  20^) ag reem en t w i th  r e s p e c t  
t o  a b s o l u t e  v a lu e  o f  th e  c r o s s  s e c t i o n  a t  90^ i n  C.M.S.
from  t h r e s h o l d  up to  th e  re so n a n c e  e n e rg y .  However, 
i t  was f e l t  (O in i  e t .  a l .  1958) t h a t  t h e r e  was a 
f i n i t e  d i s c re p a n c y  betw een  th e  t h r e s h o l d  b e h a v io u r  o f  
th e  p h o to p ro d u c t io n  a m p li tu d e  o f  TT^ mesons from  
h yd ro g en  and th e  e x p e r im e n ta l  d a t a . A b e t t e r  
e x p e r im e n ta l  d e te r m in a t io n  o f  t h i s  q u a n t i t y  h a s  been  
th e  m ain t o p i c  o f  t h i s  T h e s i s .
I n  c o n c lu s io n  we may a d o p t  th e  v iew  p o in t  o f  G e l l -  
Mann (1955)# L e t  u s  suppose th e  Yukawa th e o ry  t o  be 
d e f in e d  th ro u g h  th e  c o n v e n t io n a l  r e l a t i v i s t i c  f i e l d  
fo rm a lism  i n  e x a c t  an a lo g y  to  quantum e le c t r o d y n a m ic s .
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Then l e t  th e  p r e d i c t i o n s  o f  meson th e o r y  and e l e c t r o ­
dynam ics he e v a lu a te d  by th e  d i s p e r s i o n  e q u a t io n  
m ethod . Up t o  now t h i s  method h a s  n o t  been  a p p l ie d  
to  a l l  p o s s i b l e  p rob lem s b u t  i t  seems p l a u s i b l e  t h a t  
e v e n tu a l ly  i t  w i l l  b e .  G ell-M ann t h e n  a rg u e s  t h a t  
from such  a  s t a n d p o in t  th e  two t h e o r i e s  s t a n d ,  
fu n d a m e n ta l ly  s p e a k in g ,  on an e q u a l  f o o t i n g .  The low 
energy  l i m i t s  o f  b o th  have been  e x p e r im e n ta l ly  co n f irm e d , 
and a m b ig u i t i e s  e x i s t  i n  b o th  due t o  unknown h ig h  
energy  c r o s s  s e c t i o n s  u n d e r  d i s p e r s i o n  i n t e g r a l s .  I n  
th e  c a se  o f  meson th e o ry  th e  d e v i a t i o n s  from  th e  z e ro  
energy  l i m i t s  s e t  i n  much more r a p i d l y .  T h is  
c i r c u m s ta n c e ,  a r g u e s  G ell-M ann , i s  o f  no fu n d a m e n ta l  
s i g n i f i c a n c e .  The f i n a l  t h e o r y  o f  e le m e n ta ry  
p a r t i c l e s  w i l l  h ave  t o  p r e d i c t  th e  m ass , s p i n ,  p a r i t y ,  
e t c . ,  spec trum  f o r  a l l  p a r t i c l e s ,  and g iv e  a  g e n e r a l  
method f o r  c a l c u l a t i n g  th e  v a r io u s  i n t e r a c t i o n s  betw een  
t h e  p a r t i c l e s .
b) P h o to p ro d u c t io n  o f Charged P io n s  from  D e u te r iu m .
We have c o n s id e re d  th e  b a s i c  t h e o r e t i c a l  a p p ro a c h e s  
t o  a d e s c r i p t i o n  o f  p h o to p ro d u c t io n  o f  mesons from  
p r o to n s .  l e t  u s  now t u r n  our a t t e n t i o n  t o  t h e  r e a c t i o n
X + n - ^ T T '  + p (5)
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A ll  th e  t h e o r i e s  which we h ave  d i s c u s s e d  i n d i c a t e
t h a t  p ro d u c t io n  from  n e u t r o n s  sh ou ld  be more
p r o l i f i c  th a n  TT'*‘ p ro d u c t io n  from  p r o to n s .  B reu ck n e r
and G o ld b e rg e r  (1949) were th e  f i r s t  t o  show t h a t  t h e r e
was a  c o n s t r u c t i v e  i n t e r f e r e n c e  b e tw een  th e  c o n t r i b u t i o n s  
o f  t h e  c u r r e n t  o f th e  meson and t h a t  o f th e  r e c o i l
p r o to n .  In  th e  p o s i t i v e  meson p r o d u c t io n ,  th e  r e c o i l
p a r t i c l e  i s  a n e u t ro n  and c o n s e q u e n t ly  doeyno t c o n t r i b u t e
i n  t h i s  way. Thus we cou ld  e x p e c t  t h a t
r  .  (K + n  - r i r ~  + p) y  1 (6)
TS + p -»• + n )
C le a r ly  i t  i s  n o t  p o s s i b l e  t o  s tu d y  th e  p h o to ­
p r o d u c t io n  o f mesons from  n e u t r o n s  e x p e r im e n ta l ly ,  s in c e  
we have no f r e e  n e u t r o n  t a r g e t s  a v a i l a b l e .  The c l o s e s t  
a p p ro ach  we have t o  a  f r e e  n e u t r o n  i s  th e  n e u t ro n  i n  th e  
d e u te r iu m  n u c le u s .  T h e r e fo re ,  a  g r e a t  d e a l  o f 
e x p e r im e n ta l  and t h e o r e t i c a l  work h a s  gone i n t o  t h e  
p h o to p ro d u c t io n  o f  mesons from  d e u te r iu m . The d e u te ro n  
i s  a  r e l a t i v e l y  s im p le  s t r u c t u r e  o f  two n u c le o n s  and i n  
f a c t  more i s  known a b o u t  t h i s  system  th a n  ab o u t a lm o s t  
any  o th e r  n u c l e u s .  The k in e m a t ic  c o n s i d e r a t i o n s  a r e  
s im p le r  a l s o ,  and th e  sy s tem  l e f t  o v e r  a f t e r  ch a rg ed  
meson p h o to p ro d u c t io n  i s  n o t  a  bound system  and h en c e  con
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be t r e a t e d  by r e l a t i v e l y  s im ple  a p p ro x im a t io n s .  The 
e f f e c t  o f  f i n a l  s t a t e  i n t e r a c t i o n s  i s  th e  same in  bo th  
IT'*’ and IT"" p ro d u c t io n  from  d e u te r iu m  ex c ep t f o r  th e  
Coulomb i n t e r a c t i o n  i n  th e  case  o f TT ^ p ro d u c t io n  
b ecau se  t h e r e  i s  on ly  one ch a rg ed  p a r t i c l e  p r e s e n t .
For n e g a t iv e  p io n  p r o d u c t io n ,  how ever, t h e r e  a r e  th r e e  
charged  p a r t i c l e s  i n  t h e  f i n a l  s t a t e ,  two p ro to n s  and 
a  p io n .  The o t h e r  c o m p l ic a t io n  t h a t  a r i s e s  i s  th e  l o s s  
o f  th e  one to  one r e l a t i o n s h i p  be tw een  th e  energy  of 
th e  in -com ing  p h o to n  and th e  en e rg y  o f  th e  meson 
p ro d u c e d . T h is  r e s u l t s  from  th e  i n t e r n a l  m o tion  of th e  
n u c le o n s  i n  th e  n u c l e u s .  Thus th e  an g le  and energy  of 
a  s in g l e  r e a c t i o n  p ro d u c t  i n  e i t h e r  o f  th e  r e a c t i o n s ,
Ï  + d —^  7T " + 2p (7)
X + d — ^  TT ^  4- 2n  (8 )
does n o t  u n iq u e ly  d e f in e  th e  en e rg y  o f  t h e  i n c i d e n t  
pho ton  r e s p o n s i b l e  f o r  th e  r e a c t i o n .
As w e l l  a s  th e  s tu d y  o f th e  p h o to p ro d u c t io n  o f 
m esons, t h e r e  a r e  o th e r  r e a s o n s  vÆiy meson p h o to p ro d u c t io n  
from  d e u te r iu m  i s  o f  i n t e r e s t .  F o r  exam ple, such a  
s tu dy  y i e l d s  in f o r m a t io n  ab o u t t h e  dependence o f  p h o to ­
p ro d u c t io n  on th e  ch a rg e  and s p in  o f  t h e  n uc leon#  T h is
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h a s  b een  d i s c u s s e d  i n  d e t a i l  by s e v e r a l  a u th o r s ,  
n o ta b ly  by Lax and F eshback  (1951)•  The charge  
dependence i s  r e v e a l e d  i n  th e  r a t i o  o f th e  c r o s s  s e c t i o n s  
o f  n e g a t iv e  t o  p o s i t i v e  m esons, and th e  s p in  dependence 
i n  th e  r a t i o  o f  p o s i t i v e  mesons from p ro to n s  and from 
d e u te r o n s .
E x p e r im e n ta l ly ,  t h e  m easured  q u a n t i ty  i s  th e  r a t i o  
R where
« '  i l  :
M o rav es ik  (1957) u s in g  th e  Chew Low c u t - o f f  th e o ry  h a s  
d ev e lo p e d  e x p r e s s io n s  d e s c r i b in g  th e  v a r i a t i o n  o f  R 
w i th  meson a n g le  o f  e m is s io n  and gamma ra y  e n e rg y .
Good ag reem en t i s  o b ta in e d  b o th  betw een  th e  th e o ry  and 
p r e v io u s  e x p e r im e n ta l  w ork, and w ith  r e s u l t s  d e s c r ib e d  
i n  t h i s  T h e s i s .
S im i l a r  to  th e  i n t e r e s t  i n  cha rged  p io n  p ro d u c t io n  
from  h y d ro g en  n e a r  t h r e s h o l d  t h e r e  i s  i n t e r e s t  i n  th e  
v a r i a t i o n  o f  R n e a r  t h r e s h o l d .  F i r s t ,  t h e r e  i s  th e  v e ry  
w e l l  founded  t h e o r e t i c a l  p r e d i c t i o n  o f 1 .3  (Chew e t .  a l .  
1957) f o r  th e  v a lu e  of th e  r a t i o  r  a t  t h r e s h o ld
r  = (  + n -» ¥ -■ > >  p) ') (10 )
° I  + n ;  J  t h r e s h o l d
iS-a
w(n". f y ♦») w(tt". p n' * m)
I , .
cf (rr ♦p —► TT*.«j
</^ 7T*tp-^ rr*p)
' " ' • ' - ' • • " I
Figure . Diagrarnatic representation of the
connection between pion scattering, absorption 
and photoproduction*
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The r e l a t i o n s h i p  betw een  th e  m easured  r a t i o ,  R, and 
th e  r a t i o  f o r  f r e e  n u c le o n s ,  r ,  h a s  been  most r e c e n t l y  
d i s c u s s e d  by B a ld in  (1 9 5 8 ) .  Secondly  v e ry  g e n e ra l  
a rgum en ts  u s in g  charge  in d ep en d en ce  and d e t a i l e d  b a la n c e  
can be u sed  to  i n t e r - r e l a t e  th e  t h r e s h o ld  v a lu e s  i n  p io n  
p h y s i c s .  F ig u re  & shows th e  c o n n e c t io n s  be tw een  
th e  P anof sky r a t i o  and th e  p o s i t i v e  energy  S -  wave • 
c r o s s  s e c t i o n s  f o r  p io n  -  p r o to n  s c a t t e r i n g  and p io n  
p h o to p ro d u c t io n .  T h is  t o p i c  w i l l  be d i s c u s s e d  i n  more 
d e t a i l  l a t e r  a s  th e  t h r e s h o ld  v a lu e s  i n  p io n  p h y s ic s  
form  th e  main c o n te n t  o f  t h i s  T h e s i s .
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C h a p te r  11
Review o f  P u b l is h e d  Work.
T h is  i s  a  re v ie w  o f  p r e v io u s  m easurem ents  i n  th e  
f i e l d  o f  low e n e rg y  p io n  p h y s ic s ,  and a l s o  in c lu d e s  a 
b r i e f  d e s c r i p t i o n  o f  th e  p r e s e n t  s tu d ie s *
a) TT’*" P ro d u c t io n  from  Hydrogen*
The e a r l y  m easurem ents  o f ch a rged  p io n  p r o d u c t io n  
from  hyd ro gen  were o b ta in e d  w ith  b re m s s t ra h lu n g  beams 
o f  maximum e n e r g i e s  a b o u t  300 MeV. The mesons d e t e c t e d ,  
had  e n e r g i e s  i n  th e  ra n g e  40 t o  130 MeV, and were 
e m i t te d  a t  a n g le s  betw een  3 0 ° and 150° i n  th e  l a b o r a to r y  
sy s tem . B oth  n u c l e a r  p l a t e s  and c o u n te r  t e l e s c o p e s  
(w ith  and w i th o u t  m ag n e tic  a n a l y s i s )  w ere u sed  i n  
c o n ju n c t io n  w i th  th e  fo l lo w in g  ty p e s  of t a r g e t s *
i )  S u b t r a c t i o n  te c h n iq u e  ( f o r  example p o ly th e n e  (CEg) -  
ca rb o n  (C) ) a s  u sed  by Lebow e t  a l .  (1 9 5 5 ) ,  G o ldschm id t 
e t  a l .  (1 9 5 3 ) ,  Luckey e t  a l*  (1 9 5 3 ) ,  J e n k in s  e t  a l*
(1954)*
i i )  Cooled h ig h  p r e s s u r e  g a s  t a r g e t  a s  u sed  by W hite 
e t  a l .  (1 9 5 2 ) (1 9 5 3 ) .
The s t a t i s t i c a l  a c c u ra c y  o f t h i s  e a r l y  work was n o t  
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Fig. ^  — 77+ photoproduction from hydrogen from 230 to 290 Mev. The
experimental points are magnet data due to Walker et al (1954). 
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5 ,  photoproduction from hydrogen from 320 to 380 Mev. The
experiniental points are magnet data due to Walker et al (1954). 
The solid curves are fits to the experimental data.
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a n g u la r  d i s t r i b u t i o n  of 7T+ mesons pho top roduced  from 
hydrogen  i s  shown a s  a f u n c t i o n  o f  gamma ra y  e n e rg y .
On e o f  th e  m ajor d i s a d v a n ta g e s  o f  t h i s  e a r ly  work was 
th e  i n a b i l i t y  t o  compare r e l i a b l y ,  th e  so c a l l e d  
a b s o lu t e  c r o s s  s e c t i o n s  betw een  v a r io u s  l a b o r a t o r i e s .
T h is  was due to  th e  d i f f i c u l t y  e x p e r ie n c e d  i n  m o n i to r in g  
c o r r e c t l y  th e  gamma ra y  beams which were u s e d .  Only 
q u i t e  r e c e n t l y  h a s  a  r e a l l y  r e l i a b l e  i n t e r c a l i b r a t i o n  o f  
m o n i to r s  betw een l a b o r a t o r i e s ,  been  accom plish ed  
( L o e f f l e r  e t  a l .  1 9 5 9 ) .  Thus th e  r e s u l t s  o f  e x p e r im e n ts  
up u n t i l  a round 1955 were on ly  a b le  to  d i s c e r n  th e  
c r u d e s t  f e a t u r e s  o f  th e  p h o to p ro d u c t io n  r e a c t i o n .  The 
fo l lo w in g  c o n c lu s io n s  were drawn by B ethe  and de 
Hoffmann (1955) from  th e  e a r l y  work;
a) The re so n a n c e  e x h ib i t e d  a t  300 MeV by th e  t o t a l  c r o s s  
s e c t i o n  and v a r i a t i o n  o f  a n g u la r  d i s t r i b u t i o n  c o u ld  be 
d e s c r ib e d  s a t i s f a c t o r i l y  by a  s t ro n g  P -  wave p io n -  
n u c le o n  i n t e r a c t i o n .
b) Prom th e  t h r e s h o l d  b e h a v io u r  o f t h e  c r o s s  s e c t i o n  
and a n g u la r  d i s t r i b u t i o n  i t  c o u ld  be i n f e r r e d  t h a t  th e  
p io n  was produced  i n  an S -  s t a t e  a t  low e n e r g i e s .
T h is  e a r l y  work r e a l l y  gave th e  f i r s t  i n d i c a t i o n  
t h a t  a  re so n a n c e  e x i s t e d  i n  th e  p io n  -  n u c le o n  
i n t e r a c t i o n .  S u b se q u e n tly  th e  same re s o n a n c e  was
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e x c i t e d  i n  s t u d i e s  o f  p io n  -  n u c le o n  s c a t t e r i n g .  I f  
th e  r e s o n a n c e  i s  a t t r i b u t e d  t o  a  P -  wave i n t e r a c t i o n  
be tw een  th e  p io n  and n u c le o n ,  i t  can be shown t h a t  a  
good d e s c r i p t i o n  o f  th e  e x p e r im e n ta l  r e s u l t s  cou ld  be 
o b ta in e d  (Chew 1954, 1 95 6 )•  S ince  th e n ,  how ever, an 
e r a  o f  much more r e f i n e d  m easurem ents  h a s  e x i s t e d .
The e r a  was h e r a ld e d  i n  by th e  now c l a s s i c a l  ex p e rim en t 
by B eneven tano  e t  a l .  (1956) on th e  p ro d u c t io n  o f 
ch a rg ed  p io n s  from  hydrogen  n e a r  t h r e s h o l d .  The 
s t a t i s t i c a l  a c c u ra c y  ( ^  49 )^ t h e i r  r e s u l t s  was i n  
g e n e r a l  g r e a t e r  th a n  any p r e v io u s  p h o to p ro d u c t io n  
ex p e r im e n t  w i th  h y d ro g e n .  F ig u re  6 shows t h e i r  
m easurem ents  o f th e  a n g u la r  d i s t r i b u t i o n  o f TT+ mesons 
betw een  170 and 220 MeV o f  p h o to n .  When t h e i r  r e s u l t s  
f o r  th e  a n g u la r  d i s t r i b u t i o n s  a r e  a n a ly s e d  i n  th e  form
â üdja W ^  a^  + a^  c o s e  + ag o o ^ o j  (11)




where )  and W a r e  th e  c .m .s .  momentum and energy  o f  
th e  e m i t te d  p io n ,  and 0  i s  th e  meson a n g le  of em iss io n  
i n  th e  c e n t r e  o f  mass sys tem , th e y  found t o  be 
in d e p e n d e n t  o f e n e rg y .  T h is  i s  shown i n  f i g u r e  7 
Thus to  a  good a p p ro x im a t io n ,  we may say  t h a t  
B enevantano  e t  a l .  found  t h a t  t h e  d i f f e r e n t i a l  c r o s s  
s e c t i o n  f o r  p r o d u c t io n  in c r e a s e d  l i n e a r l y  w i th
momentum from  t h r e s h o l d  up to  a b o u t 220 MeV o f  gamma 
r a y .  Prom th e  P e ld  scheme i n  f i g u r e  1 we can see  t h a t  
t h i s  im p l i e s  t h a t  t h e  meson i s  e m it te d  i n  an S -  s t a t e  
r e l a t i v e  to  th e  p r o t o n .
The v a r i a t i o n  o f  a^  and a^ was found and i s  p l o t t e d  
i n  f i g u r e  8 • The s o l i d  cu rv e s  shown, were t h e o r e t i c a l
a t t e m p ts  t o  d e s c r ib e  t h e  r e s u l t s .  As th e  v a r i a t i o n  o f  
a^  w ith  ene rg y  a p p e a re d  t o  be n e g l i g i b l e  t h e i r  
e x t r a p o la t e d  v a lu e  f o r  a^  a t  t h r e s h o ld  was 1 4 .8  x 
10 cm / s t e r a d .  The e x p e r im e n ta l  te c h n iq u e  which had  
been  ad o p ted  f o r  t h i s  ex p e r im e n t was a  l i q u i d  hydrogen  
t a r g e t  and n u c l e a r  p e l l i c l e s  embedded i n  a  s e a  o f 
em u ls ion  a s  meson d e t e c t o r s .  T h e i r  f i n a l  p u b l i c a t i o n ,  
B eneventano  e t  a l .  (1956) g iv e s  a  re v ie w  o f  t h e i r  r e s u l t s ,  
e x p e r im e n ta l  t e c h n iq u e ,  c o r r e c t i o n s  t o  r e s u l t s  and th e  
method o f  a n a l y s i s .  The scan n in g  e f f i c i e n c y  was 
r e p o r t e d  t o  be  a round  999  ^ and n e v e r  below  97?^. A l l
ao a.
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o b v io u s  c o r r e c t i o n s  were ta k e n  i n t o  ac co u n t and in c lu d e d  
decay  i n  f l i g h t ,  n u c l e a r  i n t e r a c t i o n  o f  th e  p io n s  b e fo re  
coming to  r e s t ,  background  from  t a r g e t  w a l l s  and edge 
e f f e c t s  o f  th e  p e l l i c l e s .  I t  i s  d i f f i c u l t  t o  o f f e r  any 
c r i t i c i s m  o f  t h i s  ex p e rim en t a s  th e  r e s u l t s  e x h ib i t e d  
c o n s id e r a b le  s e l f  c o n s i s t e n c y .  A lso  r e p o r t e d  in  th e  
B eneventano  (1956) p a p e r  i s  th e  r e s u l t  o f  an  experim en t
perfo rm ed  by L e i s s  B enner and R obinson  o f  th e  N a t io n a l
B ureau of S ta n d a rd s  (N .B .S . ) .  The te c h n iq u e  th e y  used  
was most i n  g e n io u s .
They i r r a d i a t e d  a  l i q u i d  hydrogen  t a r g e t  w ith  a 
b re m s s t r a h lu n g  beam which had a  t im e d u r a t i o n  of 
^  K s e c • Then w i th  th e  u se  of a  s c i n t i l l a t i o n  
c o u n te r  t e l e s c o p e  th e y  d e te c te d  th e  p o s i t r o n  from  th e  
d e c a y .
^  2 w  2 X 10*^ sec
'f* 2 ^  ^ ^ 10 ^ sec
By v a ry in g  t h e  maximum energy  o f  th e  b re m s s t ra h lu n g  
beam th e y  were a b le  t o  ob se rv e  th e  a c t i v a t i o n  c r o s s  
s e c t i o n  f o r  p ro d u c t io n  a t  154 MeV o f  gamma r a y .
S e v e ra l  p o i n t s  d e s e rv e  m en tion  i n  t h i s  t e c h n iq u e .
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To o b t a i n  an  a b s o lu t e  c r o s s  s e c t i o n  th e y  r e q u i r e d  t o  
know th e  e x a c t  shape o f  th e  en e rgy  sp ec tru m  i n  th e  
n e ig h b o u rh o o d  o f  th e  b r e m s s t r a h lu n g  end p o i n t .  T h is  i s  
n e i t h e r  an  e a sy  th in g  t o  c a l c u l a t e  n o t  t o  f i n d  
e x p e r im e n ta l ly .  S eco n d ly  th e  e f f i c i e n c y  of t h e  t e l e ­
scope f o r  d e t e c t i o n  o f  th e  p o s i t r o n  m ust be know.
B ecause  th e  p o s i t r o n s  h av e  a  c o n t in u o u s  en e rg y  s p e c tru m , 
and a l s o  can  a n n h i l a t e  i n  f l i g h t  th e  o v e r a l l  e f f i c i e n c y  
can be l e s s  th a n  5 0 ^ . Thus a  s y s t e m a t i c  e r r o r  i n  th e  
a s s e s s m e n t  o f  th e  e f f i c i e n c y  o f  th e  t e l e s c o p e  p ro d u c e s  
a  much l a r g e r  e r r o r  i n  th e  a b s o lu t e  c r o s s  s e c t io n *
T h e i r  f i r s t  r e s u l t  i s  shown i n  th e  fo rm  o f  an  open 
c i r c l e  i n  f i g u r e  7 w here good ag reem en t i s  o b ta in e d  
w i th  th e  e x t r a p o l a t i o n  due t o  B eneven tano*  The L e i s s  
e t  a l .  r e s u l t  was s u b s e q u e n t ly  r e t r a c t e d ,  u nd erw en t 
r e v i s i o n  due t o  n e g le c te d  c o r r e c t i o n  f a c t o r s  i n  t h e  
t e l e s c o p e  e f f i c i e n c y  and was r e p u b l i s h e d  ab o u t 259  ^
h ig h e r  t h a n  th e  o r i g i n a l  r e s u l t  (B e r n a rd in i  1 9 5 9 )•
S in c e  1956, t h r e e  o t h e r  g ro u p s ,  Adamovic e t .  a l .  
(1 9 5 9 ) ,  C a r ls o n  -  Lee e t  a l .  (1959) and B arb a ro  e t  a l .  
(1 9 5 9 ) ,  u s in g  n u c l e a r  e m u ls io n s  a s  d e t e c t o r s  and l i q u i d  
hydrogen t a r g e t s  habe r e p e a t e d  th e  e x p e r im e n t and i n  
g e n e ra l  o b ta in e d  i n t e r n a l  c o n s i s t e n c y  b u t  r a t h e r  
s y s t e m a t i c a l l y  d i s a g r e e  w i th  th e  o r i g i n a l  B eneven tano  
r e s u l t s .
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T h is  i s  shown i n  f i g u r e  9  where th e  c o e f f i c i e n t  a ^ ,  
a s  d e f in e d  p r e v i o u s l y ,  i s  p l o t t e d  a g a i n s t  gamma r a y  
e n e rg y .  In c lu d e d  i n  t h i s  f i g u r e  a r e  th e  r e s u l t s  o f 
Lew is and Azuma (1959) who used  a s c i n t i l l a t i o n  c o u n te r  
and d e la y e d  c o in c id e n c e  system  i n  c o n ju n c t io n  w ith  a  
s u b t r a c t i o n  t e c h n iq u e  (CH2 -  C) . I t  i s  seen  t h a t  th e  
Lew is and Azuma r e s u l t s  a r e  i n  r e a s o n a b le  ag reem en t w i th  
th o s e  due t o  B eneven tano  e t  a l#  The c u rv e s  shown i n  
f i g u r e  9  a r e  th e  p r e d i c t i o n s  of th e  d i s p e r s i o n  
r e l a t i o n s  u n d e r  d i f f e r e n t  a s su m p tio n s  f o r  th e  r e c o i l  
te rm s  w hich can n o t  a t  p r e s e n t  be e v a lu a te d
a c c u r a t e l y  due t o  l a c k  o f  knowledge o f  th e  sm a ll  P -  
wave phase  s h i f t s .
I n  c o n c lu s io n ,  a  summary o f  th e  main p o i n t s  o f th e  
above re v ie w  can be made a s  f o l l o w s .
1 ) There a p p e a r  to  be two " s c h o o ls "  o f  r e s u l t s  a) 
B eneven tano  e t  a l .  and Lewis e t  a l . ,  who a p p e a r  t o  a g re e  
a s  to  a b s o l u t e  v a lu e  and energy  independence  o f  a ^ .
b) Adamovic e t  a l . ,  C a r ls o n  Lee e t  a l . , B a rb a ro  e t  a l .  
and L e i s s  e t  a l . ,  whose combined r e s u l t s  a t  low energy  
i n d i c a t e  a  v a lu e  of a^  around 25^ h ig h e r  th a n  sch o o l  a ) .
2) M o n ito r in g  u n c e r t a i n t i e s  o f  gamma beams i n  d i f f e r e n t  
l a b o r a t o r i e s  have lo n g  been  a  so u rce  of d i f f i c u l t y  i n  
in te rc o m p a r is o n  o f  a b s o lu t e  c r o s s  s e c t i o n s .  The q u e s t io n
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Figure 9, • Photoproduction  of charged
p io n s  from hydrogen a t  90^ in  c.m .
P lo t te d  i s  the square o f  the m atrix element a g a in s t  
gamma energy. The cu rves are th e  p r e d ic t io n s  o f  the  
o f  the d is p e r s io n  r e l a t i o n s .
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a r i s e s ,  i s  th e  above d i f f e r e n c e  o f  25?  ^ due t o  some 
s y s te m a t i c  e r r o r ,  o r  d o es  i t  r e f l e c t  a  t r u e  ene rg y  
v a r i a t i o n ?
3) No s i n g l e  ex p e r im e n t  shows th e  v a r i a t i o n  o f  a ^ ,  a s  
a  f u n c t i o n  o f  e n e rg y ,  which i s  p r e d i c t e d  by th e  
d i s p e r s i o n  r e l a t i o n s *  I n  p a r t i c u l a r  th e  s t a t i s t i c a l l y  
s i g n i f i c a n t  B eneven tano  r e s u l t s  show a marked en e rg y  
in d e p e n d e n c e .
I n  v iew  o f th e  above d i s c r e p a n c i e s  and u n c e r t a i n ­
t i e s  i t  i s  c l e a r  t h a t  t h e r e  i s  a  need  f o r  a  s i n g l e  
e x p e r im e n ta l  d e t e r m in a t io n  o f t h e  v a r i a t i o n  o f  a ^  from  
200 MeV down to  a s  c lo s e  t o  t h r e s h o l d  a s  p o s s i b l e ,  t o  
show w h e th e r  o r  n o t  th e  ene rgy  dependence p r e d i c t e d  by 
th e  d i s p e r s i o n  r e l a t i o n s  i s  c o r r e c t  o r  o th e rw ise *  T h is  
was one o f  th e  r e a s o n s  why an  i n v e s t i g a t i o n  o f  t h e  
p h o to p ro d u c t io n  o f  ch a rg ed  p io n s  from  hyd ro gen  a t  low 
pion  e n e r g i e s  was u n d e r ta k e n .
R e c e n t ly  s e v e r a l  o b s e r v a t io n s  have been  made a t  
s u f f i c i e n t l y  sm all  a n g le s  t h a t  t h e  p io n  c u r r e n t  
c o n t r i b u t i o n ,  i n  th e  d i s p e r s i o n  r e l a t i o n s  (and a l s o  i n  
some o f th e  o ld e r  t h e o r i e s ) ,  h a s  been  i d e n t i f i e d  
e x p l i c i t l y .  F o r example Malmberg and R ob inson  (1958) a t  
225 MeV and Knapp e t  a l .  a t  275 MeV i n c i d e n t  pho ton
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e n e rg y ,  have  p erfo rm ed  d e t a i l e d  a n g u la r  d i s t r i b u t i o n s .  
Knapp e t  a l . ,  have shown t h a t  d e t a i l e d  in fo rm a t io n  on 
th e  sm a l l  P -  wave phase  s h i f t s  o f th e  p io n  n u c le o n  
i n t e r a c t i o n  may be o b ta in e d  in  t h i s  m anner.
T a y lo r  e t  a l .  ( i9 6 0 )  a t  S ta n fo rd  have pho top roduced  
m esons w i th  p la n e  p o l a r i z e d  b re m s s t ra h lu n g  and have 
shown t h a t  t h i s  i s  a  s e n s i t i v e  t e s t  o f  th e  d i s p e r s i o n  
r e l a t i o n s  w ith  which good agreem ent i s  o b ta in e d .
The c o n c lu s io n  to  a l l  t h i s  work would seem to  be 
t h a t  th e  d i s p e r s i o n  p r e d i c t i o n s  a p p e a r  t o  d e s c r ib e  th e  
p h o to p ro d u c t io n  mechanism r a t h e r  s a t i s f a c t o r i l y .
b ) w /-\TT*^Ratio from  D eu te r iu m .
The e a r l y  m easurem ents  o f  t h e  r a t i o  o f n e g a t iv e  to  
p o s i t i v e  p io n s  p h o top ro duced  from  d e u te r iu m  gave a 
v a lu e  c lo s e  to  u n i t y ,  and in d e p e n d e n t  of p io n  e n e rg y . 
These r e s u l t s  were o b ta in e d  u s in g  b re m s s t ra h lu n g  beams 
of maximum e n e r g i e s  around 300 MeV. The most 
s t a t i s t i c a l l y  s i g n i f i c a n t  r e s u l t s  have been  o b ta in e d  a t  
th e  C a l i f o r n i a n  I n s t i t u t e  o f Technology by Sands e t  a l .  
(1954) and a t  I l l i n o i s  by B eneven tano  e t  a l .  (1 9 5 6 ) .
The t e c h n iq u e  u sed  i n  th e  fo rm e r  case  was a h ig h  
p r e s s u r e  g a s  t a r g e t  i n  c o n ju n c t io n  w ith  a  magnet and 
c o u n te r  t e l e s c o p e .  In  th e  l a t t e r  c a s e ,  B eneventano  
used  th e  e x p e r im e n ta l  s e t  up d e s c r ib e d  i n  th e  hydrogen
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e x p e r im e n t .  The r e s u l t s  a r e  shown i n  f i g u r e s  ,
I t  i s  see n  t h a t  a  r e a s o n a b ly  com ple te  and s e l f  
c o n s i s t e n t  s e t  o f r e s u l t s  h a s  b een  o b ta in e d .  However, 
th e  f o l lo w in g  p o in t  i s  w o rthy  o f  n o t i c e .  The C a l .
T ech . and I l l i n o i s  e x p e r im e n ts  w ere  perfo rm ed  w i th  th e  
maximum en e rg y  o f th e  b re m s s t r a h lu n g  a t  500 MeV and 
300 MeV r e s p e c t i v e l y .  Due t o  t h e  a v a i l a b i l i t y  o f  
h ig h e r  ene rg y  q u a n ta  f o r  p ro d u c in g  p io n s ,  i t  i s  p o s s ib l e  
f o r  a  h ig h  e n e rg y  p io n ,  a t  c r e a t i o n ,  w hich i s  s c a t t e r e d  
i n  th e  n u c le u s  and i s  d e t e c te d  a s  a  low energy  p io n .
The g e n e r a l  r e s u l t  o f  such  p r o c e s s e s  would be t o  make 
th e  o b se rv e d  TTy^TT'^ r a t i o  l e s s  s t e e p l y  d ep en d en t on th e  
p io n  e n e rg y .  T h is  e f f e c t  would be ex p e c ted  t o  be more 
pronounced  i n  th e  C a l .  T ech . r e s u l t s  th a n  t h e  I l l i n o i s ,  
how ever, th e  m agn itude  o f  such an e f f e c t  on th e  r a t i o  i s  
d i f f i c u l t  t o  e s t i m a t e .  To i n v e s t i g a t e  w h e th e r  such an 
e f f e c t  was a t  a l l  s e r i o u s ,  i t  was d e c id e d  to  o b ta in  some 
ir y ^ ’TT'  ^ r a t i o s  from  d e u te r iu m  w i th  a  b re m s s t r a h lu n g  
maximum ene rgy  o f  240 MeV.
There h a s  b een  c o n s id e r a b le  i n t e r e s t  i n  th e  
r a t i o  from  d e u te r iu m  i n  t h e  n e ig h bou rh ood  o f  t h r e s h o l d  
a s  d i s c u s s e d  in  C h a p te r  1 .  F ig u re  shows th e
p r e s e n t  p o s i t i o n  from  th e  e x p e r im e n ta l  p o in t  o f  v ie w .
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F igu re  10. 45^
•  White e t  a l  (1952)» x Jenk ins e t  a l  (1 9 5 4 ),
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Figure II. 90 '^
•  White e t  a l  (1 9 5 2 ) , x Jenkins e t  a l  (1954).
r a t i o  from deuterium a s  a fu n c t io n  o f  meson energy, 
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Figure 12.
•  135° Afhite e t  a l  ( 1 9 5 2 ) ,  x 180°  Jen k in s  e t  a l  ( 1 9 5 4 ) ,
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F ig u re  13-
X 29° Sands e t  a l  ( 1 9 5 4 ) ,
45 Beneventano e t  a l  (195^)*
r a t i o  from deuter ium  as  a f u n c t i o n  o f  meson en e rg y ,  
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^ F l ^ r e  
* 73 Sands e t  a i  (1 9 5 4 ) ,  
# 7 5 °  Beneventano e t  ^  (1 9 5 6 ) ,  
0 75° et dl7(\^58y
r a t io  from deuterium as a fu n c t io n  o f  meson en ergy ,  
a n g le s  measured in  th e  la b o ra to ry  system .
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t h e  f i n a l  s t a t e  i s  im p o rtan t*  T h is  e f f e c t  h a s  been  
c o n s id e re d  i n  d e t a i l  by B a ld in  (1958)* When th e  B a ld in  
c o r r e c t i o n s  a r e  a p p l i e d  to  th e  e x p e r im e n ta l  d a ta  a 
v a lu e  f o r  p r o d u c t io n  from  f r e e  n u c le o n s  i s  o b ta in e d  in  
good ag reem en t w i th  d i s p e r s i o n  p r e d i c t i o n s  (Hogg 1958)
I t  i s  i n t e r e s t i n g  to  n o t i c e  t h a t  th e  two te c h n iq u e s  
w hich ha$ebeen  most f r e q u e n t l y  u sed  a r e  th e  n u c l e a r  
em u ls io n  t e c h n iq u e ,  B eneventano  e t  a l*  (1 9 5 6 ) ,  C a r lso n  
Lee e t  a l*  (1959)> Karlam oy e t  a l .  (1959)» Adamovic 
e t  a l*  (1959)» and th e  m ag n e tic  s p e c t r o m e te r  i n  
a s s o c i a t i o n  w ith  a c o u n te r  t e l e s c o p e  Sands e t  a l*  (1 9 5 4 )» 
and Hogg e t  a l .  (195 8 )•  The e m u ls t io n  te c h n iq u e  h a s  
th e  ad v an tag e  t h a t  th e  p o s i t i v e  and n e g a t iv e  p io n s  a r e  
re c o rd e d  s im u l ta n e o u s ly  b u t  h a s  th e  d is a d v a n ta g e  t h a t  a  
l a r g e  sca n n in g  tim e i s  r e q u i r e d  to  o b t a i n  ad e q u a te  
s t a t i s t i c s .  The method of m ag n e tic  a n a l y s i s  i s  n o t  
l i m i t e d  i n  t h i s  way, b u t  h a s  th e  d is a d v a n ta g e  t h a t  th e  
p o s i t i v e  and n e g a t iv e  p io n s  cann o t be co u n ted  a t  th e  
same tim e* The te c h n iq u e  d ev e lo p ed  f o r  th e  p r e s e n t  
work overcom es t h i s  d i f f i c u l t y .
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c) P anofsky  R a t io  and th e  8-wave S c a t t e r i n g  L e n g th s .
Pan o f  sky e t  a l .  (1951) have  o b se rv ed  t h a t  when a 
meson i s  c a p tu re d  from  a Bohr o r b i t  in  hyd rogen  
( i . e . ,  when th e  TT~ h a s  l i t t l e  k i n e t i c  ene rg y  and i s  i n  
a  bound s t a t e )  th e n  ab o u t h a l f  th e  tim e a  gamma ra y  i s  
e m i t te d ,  w hereas  th e  o th e r  h a l f  of th e  tim e a  TT° i s  
e m i t t e d .  More p r e c i s e l y  th e y  have  o b served  t h a t
p = w i g - ' :  :  ; j  = 0.94 Î  0 .20  (14)
I n  th e  case  o f  r a d i a t i v e  c a p tu re  th e  gamma r a y  i s  
m o n o en erg e tic  o f 130 MeV, whereas in th e  cha rge  exchange 
ca se  th e  decay gammas have a  d i s t r i b u t i o n  o f  e n e r g ie s  
c e n te re d  on 70 MeV. T h is  i s  due t o  th e  D o p p le r  s h i f t  
p roduced  by th e  m otion  o f t?ie TT^meson. The ex p e r im e n t 
was perform ed by a l lo w in g  T "  m esons, p roduced  i n  th e  
B e rk e le y  184 in c h  c y c lo t r o n ,  to  come to  r e s t  i n  a  co o led  
h ig h  p r e s s u r e  hydrogen  t a r g e t  and o b se rv in g  th e  r e s u l t ­
a n t  energy  d i s t r i b u t i o n  o f  th e  gamma r a y s  by means o f  a  
c o n v e n t io n a l  p a i r  s p e c t r o m e te r .  A lthou gh  th e  energy  
r e s o l u t i o n  o f  th e  a p p a r a tu s  was good, th e  drawback o f  
low d e t e c t i o n  e f f i c i e n c y ,  in h e r e n t  i n  p a i r  s p e c t r o m e te r
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w ork , p roduced  a  r e s u l t  o f r a t h e r  po o r  s t a t i s t i c a l  
a c c u r a c y •
S in ce  th e  o r i g i n a l  ex p e r im e n t o f  P ano fsky  e t  a l .  
many o t h e r  g ro u p s  have r e p e a te d  th e  m easurem ent w ith  
more i n t e n s e  p io n  beam s, At L iv e r p o o l ,  two g ro u p s  
c a r r i e d  ou t th e  ex p e r im e n t u s in g  com plem entary 
t e c h n i q u e s .  C a s s a i s  e t  a l .  (1957) u sed  a t o t a l  
a b s o r p t i o n  Cerenkov c o u n te r  to  m easure th e  spec tru m  o f 
gamma r a d i a t i o n  from  th e  a b s o r p t io n  o f n e g a t iv e  p io n s  
i n  a  l i q u i d  hydrogen  t a r g e t .  In  t h i s  case  th e  
e f f i c i e n c y  o f d e t e c t i o n  was h ig h  b u t  th e  ene rgy  
r e s o l u t i o n  was p o o r .  The r e s u l t  o b ta in e d  by t h i s
g roup  v/as P = 1 .5  -  0 .15  • Keuhner e t  a l .  (19 5 6 ) , 
u s in g  a  180° f o c u s s in g  p a i r  s p e c t r o m e te r  and a l i q u i d  
hyd rogen  t a r g e t ,  o b ta in e d  th e  v a lu e  P = 1 .6 0  t  0 .1 7  •
At Chicago F i s c h e r  e t  a l .  (1958) u s in g  a 
te c h n iq u e  more o r  l e s s  i d e n t i c a l  t o  t h a t  u sed  by C a s s e ls  
e t  a l . ,  o b ta in e d  a  v a lu e  o f P = 1 .8 7  -  0 .1 0 ,  w hich i s  
more th a n  2Qffo h i g h e r  th a n  th e  C a s s e l s  r e s u l t .  I t  would 
seem t h a t  a  s y s te m a t ic  e r r o r  e x i s t e d  i n  a t  l e a s t  one o f 
th e s e  two e x p e r im e n ts .  I t  h a s  been  p o in te d  o u t ,  
p r i n c i p a l l y  by C a s s e l s ,  t h a t  such an e r r o r  m ost p ro b a b ly  
l a y  i n  th e  c o l l i m a t io n  a r ran g em en t u se d  i n  t h e  Chicago
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e x p e r im e n t ,  how ever, no d e f i n i t e  p ro o f  o f  t h i s  can be 
g iv e n .
More r e c e n t l y  th e  P anofsky  r a t i o  h a s  been  m easured  
w i th  g r e a t  a c c u ra c y  a t  N ev is  (Columbia) by K o l l e r  and 
S ach s , th e  r e s u l t  b e in g  P = 1 .4 6  « 0 .1  . T h is  a g r e e s  
v e ry  w e l l  w i th  th e  L iv e rp o o l  r e s u l t s ,  p u t s  c o n s id e r a b le  
d o u b t upon th e  f i r s t  P anofsky  v a lu e  and c o n t r a d i c t s  
t h a t  o f  F i s c h e r  e t  a l .
F i n a l l y  two m easurem ents have  been  com pleted  i n  
th e  l a s t  few m onths and have y i e ld e d  r e s u l t s  which a r e  
i n  ag reem en t w i th in  t h e i r  quoted  u n c e r t a i n t i e s  o f  a b o u t  
3 o r  4^# They a r e  due to  M e rr iso n  e t  a l .  ( i9 6 0 )  a t  
Cem  who o b ta in e d  1 .5 9  t  0 .0 6  and Sarnie son (I9 6 0 )  who 
u sed  a  b u b b le  chamber and o b ta in e d  a  v a lu e  o f  P =
1 .6 2  t  0 .0 6  . The w e igh ted  mean o f a l l  t h e s e  r e s u l t s  
i s  1 .6 0  t  0 .035* We s h a l l  ta k e  th e  v a lu e  o f  th e  
P anofsky  R a t io  P t o  be g iv e n  by P = 1 .6 0  t  0 .04
L e t  u s  now t u r n  to  a  c o n s id e r a t io n  o f  low en erg y  
meson n u c le o n  s c a t t e r i n g .  I t  i s  p o s s ib l e  t o  a n a ly s e  
th e  s c a t t e r i n g  o f  mesons from  p r o to n s  i n  te rm s  o f  th e  
i s o t o p i c  and a n g u la r  momentum s t a t e s  in v o lv e d  (B ethe 
and de Hoffmann 1955)* F o r  v e ry  low e n e r g i e s  where 
S -  wave s c a t t e r i n g  i s  d om inan t, on ly  two p a ra m e te r s
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need  t o  be c o n s id e r e d ,  namely , w hich i s  th e  phase 
s h i f t ,  c o r re s p o n d in g  to  th e  i s o t o p i c  s p in  s t a t e  I  = 
and oC ^ t h a t  f o r  I  =-^ • The t o t a l  c r o s s  s e c t i o n s
c o r re s p o n d in g  to  th e  t h r e e  p o s s ib l e  r e a c t i o n s  may be 
w r i t t e n  down a s :
<r ( TT-^  , TT'^  ) = 4TT A ;
( f f ' ,  I T - )  = ( S + 2 q ; ) 2  (16)
where "Xq i s  th e  p io n  Compton wave l e n g t h ,
d i s  th e  s c a t t e r i n g  l e n g th  i . e . ,  ^  ^  where
i s  th e  phase  s h i f t ,
^ i s  d e f in e d  a s  th e  p io n  momentum, i n  u n i t s  o f y ^  C
i n  th e  c e n t r e  o f mass f ram e ,
Vo i s  th e  v e l o c i t y  o f th e  o u tg o in g  7T^ and
i s  th e  v e l o c i t y  o f  th e  incom ing 7T^ •
C le a r ly  a  d e te r m in a t io n  o f  any two o f th e  t o t a l  c ro s s
s e c t io n s  y i e l d s  s o l u t i o n s  f o r  th e  two s c a t t e r i n g  l e n g th s  
^ and A ^
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There have  been  many e x p e r im e n ta l  d e te r m in a t io n s  o f  
th e s e  c r o s s  s e c t i o n s  ( f o r  r e f e r e n c e s  p r i o r  to  1956 see  
O rear (1956) ) • O rear perfo rm ed  a  l e a s t  s q u a re s  
d e te r m in a t io n  o f  r e p o r t e d  d a t a  f o r  a l l  low energy  p io n -  
n u c le o n  s c a t t e r i n g .  T h is  a n a l y s i s  was based  on th e  
a ssu m p tio n  t h a t  th e  S -  wave s c a t t e r i n g  l e n g th s  showed 
a  l i n e a r  dependence on th e  c .m .s .  p io n  momentum. H is  
r e s u l t s  were
a  ^ = 0 .167  t  0 .012
(17)
a  _ = 0 .105  t  0 .0 1 0
The s i t u a t i o n  o f  th e  charge  exchange s c a t t e r i n g  
am p li tu d e  h a s  improved however due t o
c o n t r i b u t i o n s  from  Nagle e t  a l .  (1 9 5 7 ) ,  Wooten (1 9 5 9 ) ,
P i s c h e r  e t  a l .  (1959) and B a m e s  e t  a l .  (1 9 5 8 ) .  These 
r e s u l t s  t o g e t h e r  w i th  o th e r s  were summarized by H am ilto n  
e t  a l .  ( i9 6 0 )  and y ie ld e d
( a  ^ -  a  = 0 .245  (18)
a t  ze ro  energy  in  th e  c .m .s .
As h a s  a l r e a d y  been  m en tio n ed , i t  i s  p o s s ib l e  t o  
c o n s t r u c t  a r e l a t i o n s h i p  be tw een  th e  v a r io u s  t h r e s h o l d
35
p r o c e s s e s ,  t h a t  i s  p h o to p ro d u c t io n ,  s c a t t e r i n g  and 
c a p tu r e  o f  p io n s .  An argum ent o f  t h i s  ty p e  was f i r s t  
u sed  by B ru ec k n e r  e t  a l .  (1 9 5 1 ) .  The on ly  a s su m p tio n s  
r e q u i r e d  i n  such an argum ent a r e  t h a t  charge  in depen dence  
o f  n u c l e a r  f o r c e s  and d e t a i l e d  b a la n c e  a r e  b o th  v a l i d  
c o n c e p t s .  A d ia g ra m a t ic  r e p r e s e n t a t i o n  of th e  g e n e r a l  
l i n k  up i n  low energy  p io n  p h y s ic s  i s  shown in  f i g u r e  & • 
The q u a n t i t a t i v e  r e l a t i o n s h i p  may be e x p re s s e d  a s  
(Hogg 1958)
\P = 6 .70  10-2® K 4 1
where W i s  th e  p io n  energy  i n  th e  c .m . s .  and th e  c o n s ta n t  
f a c t o r  h a s  been  d e r iv e d  m ain ly  from  k in e m a t i c a l  
r e l a t i o n s h i p s  and can only  in t r o d u c e  a  n e g l i g i b l e  so u rce  
o f  e r r o r .  As th e  r i g h t  hand s id e  o f (19) h a s  t o  be 
e v a lu a te d  a t  z e ro  p io n  energy  i n  th e  c . m . s .  some method 
o f  e x t r a p o l a t i o n  i s  r e q u i r e d .  T h is  can be seen  when i t  
i s  remembered t h a t  a ^ ,  ( Q j  -  A ^ )  and r ^  a r e  m easured  
a t  f i n i t e  p o s i t i v e  p io n  e n e r g ie s  w h ile  th e  P an o fsky  
R a t io  P i s  m easured a t  sm a ll  n e g a t iv e  p io n  e n e r g i e s .
The v a r io u s  e x t r a p o l a t i o n  p ro c e d u re s  which have been  
su g g e s te d  w i l l  be d e s c r ib e d  l a t e r .
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I f  we assume f o r  th e  moment th e  fo l lo w in g  v a lu e s ,
P = 1.60
( « l - ^ j )  = 0.25
Vq = 1.3
th e n  c a l c u l a t i o n  u s in g  (19) y i e l d s
a^  20 X 10"^^  c m ^ /s te r a d .
T h is  v a lu e  o f a^  shou ld  be compared w i th  th e  e x t r a ­
p o la t e d  v a lu e  i n  f i g u r e  ?  where i t  i s  seen  t h a t  a  
v a lu e  o f 20 i s  i n  a p p a re n t  ag reem ent w i th  some o f th e  
d a t a .
Hence, i t  i s  conc luded  t h a t  i t  i s  p o s s i b l e  to  
o b ta in  agreem ent betw een  th e  n e g a t iv e  ene rgy  r e s u l t  o f 
th e  P anofsky  r a t i o  m easured  from  c a p tu r e  d a t a  and t h a t  
p r e d ic t e d  from  p o s i t i v e  energy  r e s u l t s  o f  p io n  
s c a t t e r i n g  and p h o to p ro d u c t io n .  There a r e  two p o in t s  
however which a r e  w orth  e m p h a s is in g .  These a r e ,  f i r s t ,  
t h a t  th e  e x p e r im e n ta l  r e s u l t s  on a^  show i n t e r n a l  
in c o n s i s t e n c y  a s  h a s  a l r e a d y  been  d is c u s s e d  and th e  
above m entioned  ag reem ent i s  o b ta in e d  i n  c o n t r a d i c t i o n  
to  th e  b e s t  e x p e r im e n ta l  r e s u l t s  on a^ by B eneventano
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e t  a l .  (1956) who o b ta in e d  = 14*8 • S econdly  i t
i s  c l e a r  t h a t  b e t t e r  e x p e r im e n ta l  ev id en c e  i s  r e q u i r e d  
i n  t h i s  i n t e r e s t i n g  low energy  r e g io n  o f  p h o to p ro d u c t io n  
to  p ro v id e  unambiguous ev id en c e  f o r  th e  c o r r e c t n e s s  o f  
th e  en e rg y  dependence p r e d i c t e d  by th e  d i s p e r s i o n  
r e l a t i o n s  and a l s o  f o r  b e t t e r  ev id en c e  f o r  th e  " r e q u i r e d "  
v a lu e  o f  = 20 X 10“’^ ^  c m ^ /s te r a d .  I t  was f o r  th e s e  
r e a s o n s  t h a t  an  i n v e s t i g a t i o n  o f  th e  p h o to p ro d u c t io n  o f  
p io n s  from  hydrogen  a t  low e n e r g ie s  was u n d e r ta k e n ,
d) P r e s e n t  I n v e s t i g a t i o n s .
The hydrogen  and deu terium  e x p e r im e n ts  were c a r r i e d  
ou t u s in g  l i q u i d  t a r g e t s ,  and th e  cha rged  p io n s  were 
d e t e c te d  in  a  s c i n t i l l a t i o n  c o u n te r  t e l e s c o p e .
I n  th e  hydrogen  ex p e r im e n t a  1 cm. t h i c k  f l a t
w a lle d  l i q u i d  t a r g e t  was exposed t o  th e  520 MeY
b re m s s tra h lu n g  beam from  th e  Glasgow e l e c t r o n  s y n c h ro t r o n .
P io n s ,  i n  th e  energy  ra n g e  7 t o  48 MeY, were d e te c te d  a t
a  mean l a b o r a to r y  an g le  o f  50 d e g re e s  to  th e  pho ton  beam.
The t e l e s c o p e  c o n s i s t e d  o f f o u r  s c i n t i l l a t i o n  c o u n t e r s .
P a r t i c l e s  which s topped  i n  th e  second c o u n te r  were
d e f in e d  by a  12T c o in c id e n c e  -  a n t i c o i n c i d e n c e .  Mesons
were s e p a ra te d  from  e l e c t r o n s  and p ro to n s  by means o f  
dEt h e i r  ^  and E p u ls e  h e i g h t s  from  c o u n te r s  1 and 2 .
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S im i l a r l y  p a r t i c l e s  which s to p p ed  i n  th e  t h i r d  c o u n te r  
were d e f in e d  by a 1234 c o in c id e n c e  -  a n t i c o in c id e n c e  
and mesons were s e p a ra te d  ou t by th e  p u ls e  h e i g h t s  from  
c o u n te r s  2 and 3 .  Thus two w e l l  d e f in e d  energy  
i n t e r v a l s  o f  p io n s  were s tu d i e d  s im u l ta n e o u s ly ,  and w i th  
th e  u se  o f  a b s o r b e r s  of ca rb o n  and co p p e r  p la c e d  betw een  
th e  t a r g e t  and th e  t e l e s c o p e ,  p io n s  o f  h i g h e r  ene rgy  w ere 
s t u d i e d .  T h is  en a b le d  th e  v a r i a t i o n  of th e  c r o s s  
s e c t i o n  to  be s tu d ie d  in  th e  ran g e  200 down t o  160 MeV 
o f gamma r a y . I f  th e  en e rg y  dependence o f  was 
d e s c r ib e d  p r o p e r ly  by th e  d i s p e r s i o n  ap p ro ach  th e n  t h e r e  
would be 20^ v a r i a t i o n  o f a^  i n  t h i s  ene rgy  i n t e r v a l .  
P re v io u s  e x p e r im e n ta l  d e te r m in a t io n s  o f  a^  below  200 MeV 
o f  gamma ra y  were u n ab le  t o  show t h i s  energy  d ep en d en ce . 
T h is  was p r i m a r i l y  due t o  t h e  i n a b i l i t y  of p r e v io u s  
t e c h n iq u e s  t o  co v e r  a  wide enough energy  i n t e r v a l .  In  
t h i s  way th e  p r e s e n t  tech n iq u e  was s u p e r i o r  t o  p r e v io u s  
m ethods .
In  th e  d eu te r iu m  i n v e s t i g a t i o n  th e  s c i n t i l l a t i o n  
c o u n te r  d i s t i n g u i s h e d  mesons from  o th e r  p a r t i c l e s  by 
p u ls e  h e ig h t  a n a l y s i s .  The c h a r a c t e r i s t i c  meson 
decay scheme was u sed  to  s e p a r a t e  th e  two ty p e s  o f  
cha rged  m eson. Thus b o th  TT**" and TT** mesons w ere
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d e t e c t e d  s im u l ta n e o u s ly .  T h is  r e p r e s e n t s  a  
c o n s id e r a b le  ad v an tag e  o v er  p r e v io u s  e l e c t r o n i c  system s 
w hich u s u a l l y  in v o lv e d  m ag n e tic  s e l e c t i o n  o f  one type  
o f  cha rged  p io n  a t  a  t i m e .
I f
Chapter III
D e s c r i p t io n  o f  Meson D e te c to r  System
(a) I n t r o d u c t i o n .
The d e t e c t i o n  and i d e n t i f i c a t i o n  o f  f a s t  ch a rg ed  
p a r t i c l e s  e m i t te d  from  n u c l e a r  r e a c t i o n s  i s  a  f r e q u e n t  
p rob lem  i n  n u c l e a r  p h y s i c s .  I t  i s  o f t e n  n e c e s s a r y  
t o  i d e n t i f y  p a r t i c l e s  o f  a  p a r t i c u l a r  mass among a  
f l u x  o f  v a r io u s  o th e r  p a r t i c l e s .  T h is  r e q u i r e s ,  i n  
g e n e r a l ,  t h a t  any te c h n iq u e  sh o u ld  c c n s i s t  of a  
s im u lta n e o u s  m easurem ent o f  a t  l e a s t  two dynam ica l 
q u a n t i t i e s  which have  a  d i f f e r e n t  dependence on th e  
m asses  o f  t h e  p a r t i c l e s .
In  i n v e s t i g a t i o n s  on th e  p ro d u c t io n  of p io n s  from 
n u c l e i  by  p h o to n s  i t  i s  n e c e s s a ry  t o  i d e n t i f y  p io n s  
among a  l a r g e  background  o f e l e c t r o n s  and p r o t o n s .
I t  i s  a l s o  n e c e s s a r y  t o  have  s e p a r a t e  i d e n t i f i c a t i o n  
o f t h e  p o s i t i v e  and n e g a t iv e  p i o n s .  F o r  t h i s  pu rp o se  
th e  te c h n iq u e s  w hich  have b ee n  most f r e q u e n t l y  
employed a r e  n u c l e a r  e m u ls io n s ,  m ag n e tic  a n a l y s i s  i n  
a s s o c i a t i o n  w i th  c o u n t e r s ,  and s c i n t i l l a t i o n  c o u n te r  
t e l e s c o p e s .
3?
( i )  N u c le a r  P l a t e s .
B oth  and mesons may be  d e t e c te d
s im u l ta n e o u s ly  u s in g  n u c l e a r  p h o to g ra p h ic  e m u ls io n s ,
each  ty p e  of charged  p io n  b e in g  d i s t i n g u i s h e d  by i t s
t r a c k  and t r a c k  ending* I t  i s  found  t h a t  more th a n
99?  ^ o f  a l l  7T^ mesons e x h i b i t  a  decay  scheme
TT* — > X
Such a  decay  scheme i s  e a s i l y  i d e n t i f i a b l e  i n  a  
n u c l e a r  e m u ls io n . On th e  o th e r  hand  IT m esons, 
when th e y  come t o  r e s t ,  a r e  q u ic k ly  c a p tu re d  by  a  
n u c le u s  and r e l e a s e  t h e i r  r e s t  m ass ene rgy  i n  t h e  form  
o f  h ig h  energy  n u c l e a r  f r a g m e n ts .  Thus when a  ^  
meson comes to  r e s t ,  t h e r e  r e s u l t s  a  9? pronged s t a r  
where 72 = 0 , 1 ,  2 , 3 e t c .  A d i f f i c u l t y  o f  t h i s
te c h n iq u e  i s  t h e r e f o r e  th e  i d e n t i f i c a t i o n  o f  one pronged  
e v e n t s ,  t h a t  i s  w h e th e r  a  g iv e n  e v e n t  i s  a  TT"^—  ^
decay  o r  a  77 s t a r  w i th  on ly  one v i s i b l e  t r a c k .  Such
e v e n t s ,  how ever, can be a n a ly s e d  i n  te rm s  o f  p r e v io u s ly  
e s t a b l i s h e d  r e s u l t s  o f  t h e  p rong  f re q u e n c y  o f  TT" 
mesons i n  e m u ls io n s .  C heston  e t .  a l .  (1 9 5 0 ) ,  De 
S a b a ta  e t .  a l .  (1 9 5 3 ) ,  B eneven tano  e t .  a l .  (1 9 5 4 ) ,  and 
Demeur e t .  a l .  (1956) • I t  would seem however t h a t  
t h e r e  i s  s e r i o u s  d isa g re e m e n t  (a b o u t 155^) betw een
s e v e r a l  o f  th e s e  a u th o rs *  Thus i t  would a p p e a r  t h a t  
u n t i l  b e t t e r  e x p e r im e n ta l  work i s  perfo rm ed  on th e  
prong f re q u e n c y  o f  IT ' s t a r s  i n  e m u ls io n s ,  th e  
p o s s i b i l i t y  of a s y s te m a t ic  e r r o r  i n  77** t o  77"^ r a t i o s  
must be r e c o g n is e d .
( i i )  M agnetic  A n a ly s is :
A m ag ne tic  s p e c t ro m e te r  i n  a s s o c i a t i o n  w i th  a  
c o u n te r  t e l e s c o p e  which m easu res  e i t h e r  th e  en e rg y  
l o s s ,  o r  ra n g e ,  o r  t im e o f  f l i g h t  o f  th e  p a r t i c l e s  t o  
be d e t e c t e d ,  can be u sed  t o  i d e n t i f y  b o th  77 and 7T 
m esons.
I n  c o n t r a s t  t o  th e  l e n g th y  p ro c e d u re  o f  sca n n in g  
e m u ls io n s ,  th e  method o f  m ag n e tic  a n a l y s i s  p ro d u c e s  
r e s u l t s  r e l a t i v e l y  q u ic k ly .  There a r e ,  how ever, 
c e r t a i n  d is a d v a n ta g e s  o f  t h i s  t e c h n iq u e  n o t  l e a s t  o f  
which a r e  s e l e c t i o n  o f one energy  i n t e r v a l  a t  a  t im e ,  
a c c e p ta n c e  u s u a l l y  o f  a  sm a l l  s o l i d  a n g le  and th e  
d e t e c t i o n  o f on ly  one ty p e  o f  ch a rg ed  p io n  a t  a  t im e .
( i i i )  S c i n t i l l a t i o n  C oun ter T e le s c o p e .
F o llow in g  th e  o r i g i n a l  work o f  Jakob so n  e t .  a l .
(1951) many w o rk e rs  have d e t e c t e d  7T^ mesons by means 
o f t h e i r  decay scheme
7T+ — > — > e *
w here = 2*56 X 10"^ s e c s ,  and ^  = 2 .2 2  X 10  ^ s e c s .
(Crowe 1957) • T h is  t e c h n iq u e  can a l s o  he a p p l i e d  t o  
d e t e c t  7T^ m esons, b u t  i n  t h i s  c a s e  on ly  th o s e  p io n s  
w hich  decay  i n  f l i g h t  can b e  co u n ted  (Motz e t .  a l .  1 9 5 5 ) .  
Such a  method h a s  a  v e ry  low d e t e c t i o n  e f f i c i e n c y  and 
h a s  n o t  been  u sed  t o  any e x t e n t .
A c o u n te r  t e l e s c o p e  sy s tem , which can be u sed  t o  
co u n t b o th  TT^and 7T mesons s im u lta n e o u s ly  i n  a  w e l l  
d e f in e d  s o l i d  an g le  and ene rg y  i n t e r v a l ,  h a s  been 
d ev e lo p ed  f o r  th e  p r e s e n t  work on 7T t o  77^ r a t i o s .
(b) G en e ra l  Method
I t  can be shown (Wolfe e t .  a l .  1955 and Keck e t .  
a l .  1952) t h a t  to  a  good a p p ro x im a tio n
oCd  X
i n  th e  u s u a l  n o t a t i o n .  Thus f o r  s in g ly  charged  
p a r t i c l e s  w i th  th e  same ra n g e  R, a  m easure o f  t h e
j  f
s p e c i f i c  i o n i z a t i o n  d i s t i n g u i s h e s  p a r t i c l e s  o f
d i f f e r e n t  m ass. T h is  im p l i e s  t h a t  f o r  m esons, 
p r o to n s  and d e u te ro n s  o f  th e  same r e s i d u a l  ra n g e  th e  
a r e  i n  th e  r a t i o  o f  0 .4  : 1 : 1 .3
d. X»
r e s p e c t i v e l y .  T h is  a p p l i e s  t o  mesons w hethe r  th e y  
a r e  p o s i t i v e l y  or n e g a t i v e l y  c h a rg e d .  To make u s e  o f  
t h i s  f a c t  t h r e e  c o u n te r s  w ere u s e d ;  th e  f i r s t  one t o
l Â .m easure , th e  second i n  w hich to  s to p  p a r t i c l e s
and m easure th e  r e s u l t i n g  p u l s e  h e i g h t s  E and th e
t h i r d  t o  a c t  a s  an  a n t i c o in c id e n c e  c o u n te r .  An
a u to m a t ic  p l o t  o f  a g a i n s t  E was perfo rm ed  f o r
Cx X
ev e ry  p a r t i c l e  which s to p p ed  i n  th e  second c o u n te r .  
The r e s o l u t i o n  was s u f f i c i e n t  t o  g iv e  w i th  n e g l i g i b l e  
u n c e r t a i n t y  th e  t o t a l  number o f  77"^ and 7T m easons 
which s to p p ed  i n  t h e  second c o u n t e r .
To d i s t i n g u i s h  betw een  7T ^ and 7T mesons which 
s to p p ed  i n  th e  second c o u n te r ,  u se  was made of t h e  
c h a r a c t e r i s t i c  decay p r o p e r t i e s  o f  t h e  m eson.
The 77**" decays  i n t o  a^/<^m eson o f  k i n e t i c  ene rgy  
4*1 MeV w i th  a  h a l f  l i f e  o f  1 8 » ^ s e c .  A d e la y e d  
c o in c id e n c e  te c h n iq u e  f o r  t h e  decay h a s  been
used  by s e v e r a l  e x p e r im e n te r s  and i s  d e s c r ib e d  i n  
d e t a i l  by Imhof e t .  a l .  (1 9 5 8 ) .  A s i m i l a r  system  
f o r  d e t e c t i n g  th e  d ec ay , w i th  an e f f i c i e n c y
o f  abou t 50^, h a s  been  d e v e lo p e d  i n  th e  p r e s e n t  w ork . 
In  o rd e r  to  d e te rm in e  th e  e f f i c i e n c y  o f  th e  d e la y e d  
c o in c id e n c e  system  f o r  d e t e c t i n g  th e  i t  i s  
n e c e s s a ry  to  u se  hydrogen  a s  a  t a r g e t  from  w hich only  
7 7 ^  mesons can be p h o to p ro d u c e d .
In  th e  g e n e r a l  case  when t h e r e  a r e  T T ^ a n d  7T 
mesons p r e s e n t  th e  knowledge o f  th e  e f f i c i e n c y  o f  th e
^3
d e la y e d  c o in c id e n c e  system  t o g e t h e r  w i th  th e  number 
o f d e lay e d  c o in c id e n c e s  re c o rd e d  y i e l d s  th e  number o f 
TT'*' mesons which s to p  th e  second c o u n te r .  S u b t r a c t ­
io n  o f  t h i s  number from  th e  t o t a l  number o f mesons 
y i e l d s  th e  number o f  TT'* m esons. Thus a  s im u lta n e o u s  
measurement on b o th  ty p e s  o f  ch a rg ed  p io n  can be 
p e rfo rm ed .
(c) D e s c r i p t io n  Of C oun te r  T e le s c o p e .
The t e l e s c o p e  c o n s i s t e d  o f  t h r e e  p l a s t i c  
s c i n t i l l a t o r s  (N .E . Type 101) c o n n e c te d  by  p e rsp e x  
l i g h t  g u id e s  t o  H .O.A. 6810 A p h o t o m u l t i p l i e r s .  
S c i n t i l l a t o r s  1 ,  2 and 3 were .2 5 " ,  0/75" and .5" t h i c k  
and 3 " ,  3" and 4" i n  d ia m e te r  r e s p e c t i v e l y .  Between 
c o u n te r s  1 and 2 t h e r e  was a p e r s p e x  a b s o rb e r  0 .2 5 "  
t h i c k .  F ig u re  shows th e  t e l e s c o p e  and th e  
a s s o c i a t e d  f a s t  e l e c t r o n i c s ,  w hich  was s i t u a t e d  c lo s e  
t o  th e  c o u n te r s .
P a r t i c l e s  which s to p  i n  c o u n te r  2 r e g i s t e r  a  123 
c o in c id e n c e  a n t i c o in c id e n c e  i n  a  B e l l  ty p e  c o in c id e n c e  
c i r c u i t  which h a s  a r e s o lv in g  t im e  o f  2 0 w u s e c .  When
such an e v e n t  o c c u rs  i t  i s  n e c e s s a r y  t o  m easure th e  
p u ls e  h e i g h t s  Cl and 02 from  th e  c o l l e c t o r s  o f  p h o to ­
m u l t i p l i e r s  1 and 2 .  T h is  i s  a sc o m p lish e d  by means o f 
th e  d i s p la y  u n i t  t o  be d e s c r ib e d  l a t e r .
4Fig. 19, Tha Scintillation Counter Talaaoopa and 
assooiated fast elaotronloa.
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d e la y e d  c o in c id e n c e  system  t o g e t h e r  w i th  th e  number 
o f  d e la y e d  c o in c id e n c e s  r e c o rd e d  y i e l d s  th e  number o f 
mesons w hich s to p  th e  second c o u n te r .  S u b t r a c t ­
io n  o f  t h i s  number from  th e  t o t a l  number o f mesons 
y i e l d s  th e  number o f  TT"" mesons* Thus a  s im u lta n e o u s  
m easurem ent on b o th  ty p e s  o f  cha rg ed  p io n  can be 
p e rfo rm ed .
(c) D e s c r i p t io n  Of C oun ter T e le s c o p e .
The t e l e s c o p e  c o n s i s t e d  o f  t h r e e  p l a s t i c  
s c i n t i l l a t o r s  (N .E . Type 101) co n n ec ted  by  p e rsp e x  
l i g h t  g u id e s  t o  R .C .A . 6810 A p h o t o m u l t i p l i e r s .  
S c i n t i l l a t o r s  1 ,  2 and 3 were .2 5 " ,  CL-75" and .5" t h i c k  
and 3 ” , 3" and 4" i n  d ia m e te r  r e s p e c t i v e l y .  Between 
c o u n te r s  1 and 2 t h e r e  was a  p e r sp e x  a b s o rb e r  0 .2 5 ” 
t h i c k .  F ig u re  shows th e  t e l e s c o p e  and th e  
a s s o c i a t e d  f a s t  e l e c t r o n i c s ,  w hich was s i t u a t e d  c lo s e  
t o  th e  c o u n te r s .
P a r t i c l e s  which s to p  i n  c o u n te r  2 r e g i s t e r  a  123 
c o in c id e n c e  a n t i c o in c id e n c e  i n  a  B e l l  ty p e  c o in c id e n c e
c i r c u i t  w hich h a s  a  r e s o lv in g  tim e  o f  2 0 s ec .  When
such an e v e n t  o c c u rs  i t  i s  n e c e s s a r y  t o  m easure th e  
p u ls e  h e i g h t s  01 and 02 from th e  c o l l e c t o r s  o f p h o to ­
m u l t i p l i e r s  1 and 2 .  T h is  i s  a sc o m p lish ed  by means o f 
th e  d i s p la y  u n i t  t o  be  d e s c r ib e d  l a t e r *
4^ ^
We s h a l l  now c o n s id e r  th e  sequence  o f  p u l s e s  
f o r  a  decay i n  c o u n te r  2 .  A 123 e v e n t ,
which may be a  TT"^  s to p p in g  i n  2 was made to  o p e r a te  a  
t r i g g e r  which p roduced  a  g a te  p u ls e  S O ^a e o  lo n g  and 
r i s e  tim e  ab o u t 1 5 j ^  s e c . In  o rd e r  t o  h ave  a  f a s t e r  
r i s e  t im e  and t o  m in im ise  j i t t e r  t h i s  p u ls e  was mixed 
w ith  th e  l i m i t e d  p u ls e  on th e  anode o f  a  l i m i t e r  f e d  
by th e  c o l l e c t o r  of p h o t o m u l t i p l i e r  2 .  T h is  r e s u l t e d  
i n  a  g a t in g  p u l s e  which had  a r i s e  t im e  o f  a b o u t  
sec  t o  3 v o l t s  h ig h  and l a s t e d  f o r  n e a r l y  
lOOwj^sec* The g a te  p u ls e  was a p p l i e d  to  one g r i d  
o f 6BN6 v a l v e .  The o u tp u t  p u ls e  from  th e  l a s t  dynode 
o f  p h o t o m u l t i p l i e r  2 was f e d  d i r e c t l y  on to  th e  o th e r  
c o n t r o l  g r i d  o f  t h e  6BN6. A 27” l e n g t h  o f  200 ohm 
c a b le  was u sed  a s  a  c l i p p i n g  l i n e  on t h i s  d y n o d e .
T h is  l i n e  was t e rm in a te d  w i th  an  80 ohm r e s i s t o r  t o  
m in im ise  o v e rsh o o t  (Madey 1955) • With t h i s  a r ran g em en t 
th e  t o t a l  w id th  o f th e  p u ls e  was a b o u t  1 5 i ^ s e c .  The 
o b je c t  o f  t h i s  was t o  keep  th e  7T^ and p u l s e s  a s  
d i s t i n c t  a s  p o s s i b l e .  The t im in g  o f  th e  p u l s e s  on 
th e  g r i d s  of t h e  6BN6 was a r ra n g e d  so t h a t  t h e  dynode 
p u ls e  o c c u r re d  f i r s t  and th e  g a te  p u l s e  was a p p l i e d  to  
th e  o t h e r  g r i d  1 5 ^ ^ sec  l a t e r .  As th e  h a l f  l i f e  f o r  
th e  7T^—^^>«/decay i s  l ^ « s e c .  i t  i s  c l e a r  t h a t  some­
th in g  l i k e  50^ o f  —^ ^ /^ ^ d e c a y s  w i l l  be r e c o rd e d  a s
4-^
d e la y e d  c o in c id e n c e s .  The anode p u ls e  of t h e  6BN6 
was i n t e g r a t e d  by th e  s t r a y  c a p a c i ty  o f  th e  a n o d e .
I t  was found  t h a t  optimum re sp o n se  was o b ta in e d  u s in g  
-3  v o l t s  b i a s  on b o th  g r i d s  o f  th e  6BN6.
The o p e r a t io n  o f  th e  d e lay e d  c o in c id e n c e  c i r c u i t s  
(123 ) co u ld  be checked by m easurem ents  u s in g  th e
2 .6  MeV gamma ra y  o f ThC^^. T h is  was a c h ie v e d  by 
in t r o d u c in g  s u f f i c i e n t  200 ohm d e la y  c a b le  f o r  th e  
dynode p u ls e  t o  a r r i v e  a t  th e  g r i d  o f  th e  6BN6 sometime 
w i t h i n  th e  g a te  p u l s e .  The maximum p u ls e  h e i g h t  from  
ThC^^ i s  s l i g h t l y  l e s s  th a n  th e  e q u iv a le n t  l i g h t  o u tp u t  
o f th e  4 .1  MeV meson. Thus o p e r a t io n  on th e  maximum 
p u l s e s  o f  th e  ThC^^ gamma ra y  spec trum  was c o n s id e re d  
a d e q u a te  f o r  th e  d e lay e d  c o in c id e n c e  sys tem . T h is  was 
a c h ie v e d  by a d j u s t i n g  th e  B .H .T . v o l t a g e  on 
p h o t o m u l t i p l i e r  2 u n t i l  th e  d e la y e d  c o in c id e n c e  was 
j u s t  f u n c t i o n i n g .  The B .H .T . v o l t a g e  on c o u n te r  1 
was a d j u s t e d  u n t i l  th e  g a in  was s u i t a b l e  f o r  th e  
d i s p l a y  u n i t  t o  be  d e s c r ib e d .
(d) D e s c r i p t i o n  o f  D is p la y  U n i t .
The in fo rm a t io n  from  th e  t e l e s c o p e  and i t s  
a s s o c i a t e d  f a s t  e l e c t r o n i c s  was f e d  th ro u g h  70 ohm 
c a b le s  t o  th e  d i s p l a y  u n i t .  T h is  in fo rm a t io n  c o n s i s t e d  
o f  t h e  p u ls e  h e i g h t s  from  th e  c o l l e c t o r s  o f p h o to -
4(>
m u l t i p l i e r s  1 and 2 (01 and 02) and th e  p u l s e s  from  
th e  f a s t  c o in c id e n c e  c i r c u i t  (123) and th e  d e la y e d  
c o in c id e n c e  c i r c u i t  (123 ^ ^ ) • The o b je c t  o f  th e
d i s p l a y  u n i t  i s  to  r e c o r d  th e  above p u l s e s  i n  such a
m anner a s  t o  r e q u i r e  a  minimum o f  su b seq u en t a n a l y s i s .
A b lo c k  d iagram  of t h e  e l e c t r o n i c s  i s  shown i n  
f i g u r e  . A p u ls e  s i g n i f y i n g  a  123 e v e n t  was u se d  t o  
t r i g g e r  a  b lo c k in g  o s c i l l a t o r  w hich  p roduced  a  lOV 
p u ls e  lO O m ^sec  lo n g .  T h is  p u l s e  was u sed  t o  open 
g a t e s  th ro u g h  which th e  c o l l e c t o r  p u l s e s  01 and 02 
p a s s e d  t o  l e n g th e n in g  c i r c u i t s ,  which produced  2^u, sec  
lo n g  f l a t - t o p p e d  p u l s e s  o f  a m p l i tu d e s  p r o p o r t i o n a l  t o  
th e  a m p l i tu d e s  o f  th e  01 and 02 p u l s e s .  The le n g th e n e d  
p u l s e s  w ere fe d  t o  two p a ra p h a se  a m p l i f i e r s  whose 
o u tp u t s  w ere connec ted  t o  th e  X and Y p l a t e s  r e s p e c t i v e l y
o f  a  c a th o d e  ra y  tu d e  (M ullard  Type DB 1 3 /2 ) •
S im u l ta n e o u s ly  th e  ca thod e  o f  th e  O .R .T . was p u ls e d  
40 v o l t s  n e g a t iv e  f o r  2 ^ s e c .  T h is  p roduced  a  s p o t  on 
th e  O .R .T , whose c o o r d in a te s  w ere p r o p o r t i o n a l  t o  th e  
p u ls e  h e i g h t s  01 and 02 from c o u n te r s  1 and 2 .  A 
second O .R .T . whose X and Y p l a t e s  were co n n e c ted  i n  
p a r a l l e l  w i th  t h e  f i r s t  was o n ly  b r ig h te n e d  up when 
t h e r e  was a  d e lay e d  c o in c id e n c e  i n  c o u n te r  2 .  T h is  
was a c h ie v e d  by u s in g  th e  123 7T ^  p u ls e  t o  t r i g g e r  a
« A T t
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Fig* lé» A block diagroM of tho olootroniog in tho
display unit which record# the pul## height# 
produced in counter# 1 and 2 for all particle 
which stop in the second counter.
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sec  p u ls e  g e n e r a to r  whose 40 v o l t s  n e g a t iv e  o u tp u t  
p u ls e  was f e d  to  t h e  ca thode  o f  t h e  second O .R .T . The 
two O .R .T .* s  were pho to g rap h ed  s im u lta n e o u s ly #
T y p ic a l  sp o t  p i c t u r e s  a r e  shown i n  f i g u r e  i?  i n  
which th e  ” o r d in a r y ” and ”d e la y e d  c o in c id e n c e ” p i c t u r e s  
have been  superim posed , th e  l a t t e r  b e in g  shown by 
l a r g e  s p o t s .  The t h r e e  d i f f e r e n t  g ro u p s  o f  s p o t s  from  
l e f t  t o  r i g h t  co r re sp o n d  t o  e l e c t r o n s ,  mesons and 
p r o to n s .  The number o f  s p o t s  due t o  e l e c t r o n s  i s  v e ry  
l a r g e  and on ly  th e  o u t l i n e  o f  th e  e l e c t r o n  r e g io n  i s  
shown. These p i c t u r e s  were o b ta in e d  u s in g  l i q u i d  
hydrogen  a s  a  t a r g e t ,  from  which o n ly  TT "^mesons can  be 
p h o to p ro d u ced . I t  i s  seen  t h a t  a b o u t  ^Qffo o f  th e  
mesons have been  d e te c te d  a s  d e la y e d  c o in c id e n c e s .  
P ro to n s  w hich have produced  l a r g e  p u l s e s  i n  th e  second 
c o u n te r  have p roduced  " s e l f  d e lay e d  c o in c id e n c e s ” due to  
th e  t a i l  o f  th e  dynode p u ls e  e n t e r in g  th e  d e lay e d  
c o in c id e n c e  g a t e .  P ro v id e d  th e  p u ls e  h e i g h t  l e v e l  
f o r  th e  p ro d u c t io n  o f  " s e l f  d e la y e d  c o in c id e n c e s ” was 
h ig h e r  th a n  th e  to p  o f t h e  meson r e g io n  i n  f i g u r e  
th e n  no a m b ig u i t i e s  co u ld  o c c u r .  P ig u re  ^7 i s  th e  
r e s u l t  o f  a  15 m inu te  ru n  w ith  a  5 cm l i q u i d  hydrogen  
t a r g e t  exposed  to  a  240 MeV b re m s s t r a h lu n g  beam, and 
w i th  the  t e l e s c o p e  a b o u t 12" away from  th e  c e n t r e  of 







Pula# 11#ight in Counter 1
F ± s * n ^  A spot piotur# aa photographed on the 
display unit. Tha target used was 
hydrogen from which only mesons may 
be produced. See text for expl&mation 
of large spots.
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When a t a r g e t  o th e r  th a n  hydrogen  i s  exposed  t o  
th e  gamma ra y  beam, 7T^ a s  w e l l  a s  mesons a r e  
p ro d u c e d . F ig u re  shows th e  r e s u l t  o f  a  15 m in u te  
ru n  u s in g  a 3 cm. d eu te r iu m  t a r g e t .  The r e g io n  
betw een th e  mesons and p ro to n s  i s  now occup ied  by a  
few  s p o t s .  T h is  i s  due to  77"'mesons w hich s to p p e d  i n  
th e  second c o u n te r  and produced  s t a r s  o f  h ig h  en e rg y  
charged  p a r t i c l e s ,  t h u s  i n c r e a s in g  th e  p u ls e  h e i g h t  
from  c o u n te r  2 .  A lthough  th e  s e p a r a t i o n  betw een  
mesons and p ro to n s  i s  n o t  q u i t e  so c l e a r l y  d e f in e d  a s  
i n  th e  c a s e  o f hyd rog en , i t  i s  p o s s ib l e  t o  o b ta in  th e  
t o t a l  number o f  mesons w ith  good a c c u ra c y  from  an 
a n a l y s i s  o f  th e  sp o t  d e n s i t y .  To red u ce  th e  p r o b a b i l i t y  
o f  f a s t  ch a rg ed  p ro d u c t  p a r t i c l e s  from  T T '"s ta rs  
e n t e r in g  th e  a n t i - c o in c id e n c e  c o u n te r  and th u s  c a u s in g  
a v e t o ,  th e  a n t i - c o in c i d e n c e  c o u n te r  was s i t u a t e d  a s  
f a r  away a s  p o s s ib l e  from  th e  second c o u n te r  w i th o u t  
p ro d u c in g  a  l o s s  o f  a n t i - c o i n c i d e n c e  e f f i c i e n c y .
A lth o u g h  a n a l y s i s  o f th e  r e s u l t s  was n o rm a lly  
perform ed by c o u n tin g  th e  s p o t s  from  th e  p h o to g ra p h s ,  
i t  i s  u s e f u l  i n  a  lo n g  ex p e r im en t t o  have some means o f 
q u ic k ly  ch eck in g  th e  o v e r a l l  o p e r a t io n  o f  th e  a p p a r a t u s .  
Use was made o f a  m u l t ic h a n n e l  p u l s e  h e i g h t  a n a ly s e r  f o r  
t h i s  p u rp o s e .
The meson and p ro to n  g ro u p s  on th e  norm al 123 C .R .T .
Pulse Height in Counter 1
a spot picture taken with deuterium as a 
target froo which both and mesons 
can be produced* See text for explanation 
of large spots•
«y
d i s p l a y  a r e  a p p ro x im a te ly  p a r a l l e l  s t r a i g h t  l i n e s *
Hence i f  th e  p u l s e s  p r o p o r t i o n a l  t o  and added
t o  form  a  p u ls e  o f  h e i g h t  P = + kEg» th e  sp ec tru m
o f  t h e  p u l s e s  P shows w e l l  d e f in e d  peak s  c o r re sp o n d in g  
t o  mesons and p ro to n s  when t h e  c o n s t a n t  k  i s  c o r r e c t l y  
a d j u s t e d .  In  f i g u r e  /? such a  sp ec tru m , o b ta in e d  w i th  
a l ic iu id  hydrogen  t a r g e t ,  i s  shown i n  th e  f i r s t  35 
c h a n n e l s .
In  o rd e r  to  d i s p l a y  th e  e v e n ts  a s s o c i a t e d  w i th  
a d e la y e d  c o in c id e n c e  s e p a r a t e l y  a  s t e p  p u ls e  o f  
s t a n d a r d  h e i g h t ,  e q u iv a le n t  t o  35 c h a n n e ls  on th e  
k i c k s o r t e r ,  was added to  th e  c o r re s p o n d in g  P p u l s e .
The p ea k s  c o r re sp o n d in g  t o  TT*^  m esons and " s e l f  d e la y e d "  
h ig h  energy  p ro to n s  can be see n  i n  c h a n n e ls  40 t o  
60 i n  f i g u r e  19 ♦
Prom th e  p o in t  o f  v iew  of t h e  dead  t im e  o f  th e  
k i c k s o r t e r  i t  was d e s i r a b l e  t o  p r e v e n t  th e  m a j o r i t y  o f 
the  l a r g e  number o f e l e c t r o n s  from  b e in g  coun ted  by th e  
k i c k s o r t e r .  T h is  was a c h ie v e d  by g a t i n g  th e  
k i c k s o r t e r  by th e  o u tp u t  o f  a  d o u b le  d i s c r i m i n a t o r  
which was fe d  by th e  and Eg p u l s e s .
I t  i s  seen  t h a t  t h e  k i c k s o r t e r  d i s p l a y  f u l f i l s  
the r e q u ir e m e n t  o f  g iv in g  an i n s t a n t a n e o u s  a s se s sm e n t  
of t h e  r e s u l t s  and an o v e r a l l  check on th e  o p e r a t io n  o f  








rig./y* Spectrum obtained on klokeorter ueing a 
liquid hydrogen target. The eelid curve 
ehowe the spectrum obtained with the target 
empty. The two groupe oorreeponding to % 
mesona are well reeolved. The upper group 
contain# mesons for which delayed ooinoidenoes 
have been recorded.
so
(e) T e s t s  w ith  Carbon and P o ly th e n e  T a rg e ts :
B ecause o f  th e  f a c i l i t i e s  w i th  which s o l i d  t a r g e t s  
( a s  d i s t i n c t  from  l i q u i d  hydrogen  f o r  example) co u ld  
b e  o b ta in e d ,  ca rbon  and p o ly th e n e  w ere u sed  i n  t h e  
p r e l im in a r y  t e s t s  o f  th e  a p p a r a tu s .
A 1 cm. t h i c k  s la b  o f  pure  g r a p h i t e  was p la c e d  in  
th e  240 MeV pho ton  beam from  th e  Glasgow s y n c h r o t r o n .
The a x i s  o f  th e  t e l e s c o p e  was p la c e d  a t  112^ t o  t h e  
beam d i r e c t i o n .  To re d u c e  th e  s i n g l e s  c o u n t in g  r a t e ,  
due t o  g e n e r a l  room background , a  t h i c k  w a l l  o f  l e a d  
was e r e c t e d  on t h r e e  s i d e s  of t h e  t e l e s c o p e .  On th e  
s id e  f a c in g  th e  t a r g e t ,  t h e r e  was p la c e d  a  l e a d
ft
c o l l i m a t o r  which had  a  h o le  o f 2 .5  d ia m e te r  and whose 
c e n t r e  was on th e  a x i s  o f  th e  t e l e s c o p e .  Under th e s e  
c o n d i t i o n s  th e  t e l e s c o p e  fu n c t io n e d  s a t i s f a c t o r i l y .
P io n s  o f ene rgy  15 -  25 MeV were d e t e c t e d .  In  
o rd e r  t o  ex ten d  th e  r e g io n  o f i n v e s t i g a t i o n  t o  h ig h e r  
p io n  e n e r g i e s , a b s o r b e r s  o f  v a r io u s  t h i c k n e s s e s  were 
p la c e d  i n  f r o n t  o f  th e  t e l e s c o p e .  A t y p i c a l  sp ec trum  
on th e  k i c k s o r t e r  i s  shown i n  f i g u r e  vdiich i n d i c a t e s  
the  r e s o l u t i o n  o b ta in a b le  w ith  th e  u se  o f  a  ca rb o n  
t a r g e t .  From c u rv e s  such a s  t h i s  th e  numbers o f  mesons 
( TT^+TT ) w i th in  th e  v a r io u s  ene rg y  i n t e r v a l s  were 
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The o b se rv ed  en e rg y  sp ec trum  o f  th e  p io n s  was 
found  t o  be o f  th e  form  shown i n  th e  f i g u r e  A/ . No 
c o r r e c t i o n s ,  such a s  decay i n  f l i g h t ,  m u l t i p l e  
s c a t t e r i n g ,  e t c . ,  h ave  been a p p l i e d  to  th e  d a t a  shown. 
Curve I  i s  th e  shape t h a t  would be expected  from  
p h o to p ro d u c t io n  from  a  f r e e  n u c le o n ,  nam ely h y d ro g e n .  
T h is  cu rv e  was c a l c u l a t e d  assum ing th e  r e s u l t s  o f  
B eneven tano  (1956) f o r  th e  v a r i a t i o n  o f  c r o s s  s e c t i o n  
w i th  en e rg y  o f  th e  r e a c t i o n
y  ^ 7T^ ^  ^
and a l s o  a  S c h i f f  t h i n  t a r g e t  b re m s s t r a h lu n g  spec trum  
f o r  th e  gamma ra y  beam. Curve I I  was o b ta in e d  from  I  
by f o l d i n g  i n  a  t y p i c a l  Chew C o ld b e rg e r  momentum 
d i s t r i b u t i o n  t o  d e s c r ib e  th e  m o tio n  o f  th e  n u c le o n s  
w i th in  a  ca rb o n  n u c l e u s .  Both c u rv e s  a r e  n o rm a liz e d  
to  th e  e x p e r im e n ta l  r e s u l t s  a t  a  p io n  energy  o f  52 MeV. 
I t  i s  se e n  t h a t  an  energy  d ep endence , i n  r e a s o n a b le  
a p p ro x im a tio n  t o  th e  e x p e r im e n ta l  r e s u l t ,  i s  o b t a in e d .
A ru n  w i th  p o ly th e n e  (CEg) was perfo rm ed  a t  t h e  
same a n g le  and u n d e r  i d e n t i c a l  c o n d i t i o n s  t o  th e  
ca rbon  r u n .  The th i c k n e s s  o f  th e  p o ly th e n e  was such 
t h a t  i t  had  th e  same s to p p in g  power f o r  mesons a s  th e  
ca rbon  t a r g e t .  Runs u s in g  th e  v a r io u s  4 b s o r t e r s  were 
perform ed  j u s t  a s  w ith  th e  ca rbon  t a r g e t *
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The number o f  mesons i n  each energy  i n t e r v a l  was 
n o rm a liz e d  to  th e  same pho ton  f l u x  and a l s o  t o  th e  
number of carbon  atoms p e r  sq u a re  c e n t im e t r e  i n  th e  
ca rb on  t a r g e t *  A s u b t r a c t i o n  was th e n  perfo rm ed  
(CMg -  C) so t h a t  th e  r e s u l t i n g  num bers o f  mesons 
must have been  pho top roduced  from  h y d ro g e n . I t  was 
found t h a t  ab o u t 509  ^ o f  th o s e  mesons had  been  d e te c te d  
i n  a s s o c i a t i o n  w ith  a d e la y e d  co in c id e n c e *  Thus we 
may say  t h a t  th e  d e t e c t i o n  system  f o r  theT r"^-t^^y^decay  
was 50^ e f f i c i e n t *  T urn ing  a g a in  t o  t h e  ca rb o n  r u n s ,  
t h i s  e f f i c i e n c y  f i g u r e  was u sed  a lo n g  w i th  th e  a c t u a l  
number o f  d e lay e d  c o in c id e n c e s  o b ta in e d ,  th e r e b y  
y i e l d i n g  th e  t o t a l  number o f  mesons p ho top roduced
from carbon* S u b t r a c t io n  o f  th e  number o f mesons 
from t h e  t o t a l  number o f  mesons gave th e  number o f  TT" 
mesons* The to  r a t i o  was th e n  c a l c u l a t e d  f o r  
each e n e rg y  i n t e r v a l  t h a t  was d ;udied  and th e  r e s u l t  i s  
shown i n  f i g u r e  5 1  • The w eigh ted  mean of t h e s e  
r a t i o s  i s  1*28 2  0*10 o ver th e  ra n g e  1 5 - 5 9  MeV. 
P re v io u s  m easurem ents on ca rb on  i n  t h i s  a n g u la r  and 
energy  r e g io n  were perfo rm ed  by L i t t a u e r  (1952) who 
o b ta in e d  1 .2 8  2  0 .1 2 .  The p r e c i s e  agreem ent i s  
c l e a r l y  v e ry  f o r t u n a t e  c o n s id e r in g  th e  a t t e n d a n t
S i a.
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u n c e r t a i n t i e s .  I t  sh o u ld  be n o te d  t h a t  t h i s  work was 
a n a ly s e d  from  th e  k i c k s o r t e r  s p e c t r a  i n  p r e f e r e n c e  t o  
th e  a c t u a l  s p o t  p i c t u r e s .  A lthough  t h i s  p ro c e d u re  i s  
n o t  q u i t e  so a c c u r a te  a s  th e  s p o t  p i c t u r e  a n a l y s i s  i t  
i s  e x tre m e ly  f a s t  and c o n v e n ie n t .
From t h i s  work i t  was p o s s i b l e  t o  f e e l  r e a s o n a b ly  
c o n f id e n t  a s  to  th e  fo l lo w in g  p o i n t s :
( i )  over a  p e r io d  o f one week th e  o v e r a l l  e l e c t r o n i c  
system  ap p eared  t o  be s u f f i c i e n t l y  s t a b l e ,
( i i )  c o n d i t i o n s  o f p u ls e  " p i l e  up" had n o t  o c c u rre d  
a t  a  beam i n t e n s i t y  and w id th  o f  10® e q u iv a le n t  
q u a n ta  p e r  m inu te  and 200/1  s e c .  r e s p e c t i v e l y  i n  
a s s o c i a t i o n  w ith  a " t h i c k e r "  t a r g e t  th a n  would 
be u sed  i n  th e  d e u te r iu m  e x p e r im e n t ,
( i i i ) r e a s o n a b l e  TT" t o  7T^ r a t i o s  had  been  o b ta in e d  
w i th  th e  u se  of ca rbon  a s  a  t a r g e t .
I n  c o n c lu s io n ,  from  th e  ev id e n c e  p r e s e n te d  h e r e ,  
i t  was p l a i n  t h a t  th e  d e t e c t i o n  te c h n iq u e  f o r  mesons 
would o p e r a te  s a t i s f a c t o r i l y  when l i q u i d  d e u te r iu m  was 
u s e d ,  s in c e  i t s  b e h a v io u r  was known u n d e r  more s e v e re  
background c o n d i t io n s  th a n  would be e n c o u n te re d  w i th  
th e  u se  o f  l i q u i d  d e u te r iu m .
Chapter IV
The P h o to p ro d u c t io n  o f  Charged f i o n s  
From D e u te r iu m .
(a )  E x p e r im e n ta l  D e t a i l s .
I n  th e  work t o  be d e s c r ib e d  th e  so u rce  o f p h o to n s  
was th e  b re m s s t r a h lu n g  beam from  th e  Glasgow e l e c t r o n  
s y n c h ro t r o n .  A d e s c r i p t i o n  o f  t h i s  a c c e l e r a t o r  h a s  
been  g iv e n  by M cFarlane e t .  a l .  (1955)•  R ecen t 
deve lopm en ts  have e n a b le d  th e  peak ene rgy  o f th e  
machine t o  be r a i s e d  from  340 MeV t o  450 MeV.
However, t h i s  f a c i l i t y  was n o t  used  i n  th e  p r e s e n t  
work.
The p h o ton  beam i s  p roduced  by th e  a c t i o n  o f  th e  
a c c e l e r a t e d  e l e c t r o n  beam s t r i k i n g  a  tu n g s te n  t a r g e t  
which i s  a  w ire  o f  1 /1 6  in c h  d ia m e te r ,  p la c e d  norm al 
t o  th e  m edian p la n e  o f  th e  s y n c h ro t r o n .  The 
b re m s s t ra h lu n g  beam i s  e m i t te d  w i th in  a  narrow  cone 
in  th e  fo rw ard  d i r e c t i o n  w ith  r e s p e c t  to  th e  e l e c t r o n  
beam and p a s s e s  o u t  o f  th e  vacuum chamber th ro u g h  a 
t h i n  window i n  t h e  ceram ic  w a l l  o f  th e  d o ugh nu t. At 
t h i s  s t a g e  th e  a n g u la r  i n t e n s i t y  d i s t r i b u t i o n  of th e  
gamma beam h a s  a  w id th  d t  h a l f  maximum o f ab o u t 10 m i l l e  
r a d i a n s .
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An a p e r t u r e  i n  th e  w a l l  o f  th e  sy n c h ro tro n  
chamber a l lo w s  th e  gamma beam t o  p a s s  i n t o  a  s e p a r a t e  
e x p e r im e n ta l  a r e a .  The n e a r e s t  p o i n t  t o  th e  m achine 
a t  which e x p e r im e n ts  can be c o n v e n ie n t ly  c a r r i e d  ou t 
i s  ab o u t s ix  m e tre s  from  th e  tu n g s te n  t a r g e t ,  a t  w hich 
p o s i t i o n  th e  d ia m e te r  o f  th e  beam i s  ab o u t two i n c h e s .  
F or most e x p e r im e n ta l  a r ra n g e m e n ts ,  i t  i s  d e s i r a b l e  t o  
have  a  s m a l le r  and b e t t e r  d e f in e d  c r o s s  s e c t i o n  o f 
gamma beam. To a c h ie v e  t h i s  a  c o l l i m a t io n  system  was 
d e v is e d  by A tk in s o n  e t .  a l .  (1957) which re d u c e s  th e  
a n g u la r  d iv e rg e n c e  o f  th e  beam t o  a b o u t  f i v e  m i l l e  
r a d i a n s  and a  d ia m e te r  j u s t  o v er  one in c h  a t  th e  p o in t  
s i x  m e tre s  from  th e  t a r g e t .  The c o l l i m a t o r  and beam 
tu b e  a r e  shown i n  f i g u r e  A3 ,
The l i q u i d  d e u te r iu m  t a r g e t  was s i t u a t e d  two 
m e tre s  from  th e  e x i t  p o r t  o f  th e  p a i r  s p e c t r o m e te r .
F or h a l f  o f  t h i s  d i s t a n c e ,  th e  beam was e n c lo se d  i n  a  
t h r e e  in c h  d ia m e te r  t u b e ,  so t h a t  th e  beam was i n  
vacuum from  th e  c o l l im a to r  t o  w i t h i n  one m etre  o f th e  
l i q u i d  t a r g e t .  F u r th e r  s h i e l d i n g  was ac h ie v e d  by 
p la c in g  a  s i x  in c h  t h i c k  s t e e l  s c r e e n  betw een  th e  p a i r  
s p e c t ro m e te r  and th e  d e u te r iu m  t a r g e t ,  t h e  beam tu b e  
p a s s in g  th ro u g h  a  h o le  i n  t h i s  s c r e e n .
Figure  2 3 .
Collimator and beam tube.
A -  synchrotron t a r g e t ,  B -  c o l l im a t o r ,  C -  scrubbing magnet, 
D - pa ir  spectrom eter ,  E -  water tank, F - lea d  s h ie l d i n g ,
G - barytes  loaded c o n c r e te ,  H -  part o f  magnet yoke.
Figure 2 4 .
Taken from an X-ray f i lm  ; showing the p o s i t i o n  of  
the photon beam in the t a r g e t .
( Enlarged by a f a c to r  o f  5 /3  )
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F o r  r e a s o n s  which have been  o u t l in e d  i n  th e  
p re v io u s  c h a p te r ,  th e  maximum energy  o f  th e  
b re m s s tra h lu n g  beam r e q u i r e d  was 240 MeV. The machine 
was o p e ra te d  a t  a  r e p e t i t i o n  r a t e  o f  f i v e  p u l s e s  p e r  
seco n d . The b re m s s t ra h lu n g  beam i n t e n s i t y  was 
m o n ito red  by a C o rn e l l  t h i c k  w a lle d  i o n i z a t i o n  chamber 
(W ilson 1952) w hich  was p la c e d  a t  th e  back  o f  th e  
e x p e r im e n ta l  a r e a ,  ab o u t tw elve m e tre s  from  th e  p a i r  
s p e c t r o m e te r .  The maximum energy  o f  th e  b re m s s t ra h lu n g  
was known to  1?^, from  f i e l d  m easurem ents  a t  t h e  s t a b l e  
o r b i t  p o s i t i o n  o f  th e  c i r c u l a t i n g  e l e c t r o n s .
( i i )  L iq u id  D eu te rium  T a r g e t .
The l i q u i d  d e u te r iu m  t a r g e t  u sed  i n  t h i s  
i n v e s t i g a t i o n  was c o n s t r u c te d  by D r .  W. Hogg o f  t h i s  
l a b o r a to r y  and h a s  been  d e s c r ib e d  e lsew h e re  (Hogg 1 9 5 8 ) .  
A b r i e f  d e s c r i p t i o n  w i l l  be g iv e n  h e r e  o f th e  t a r g e t  
c o n s t r u c t i o n .
The t a r g e t  was e s s e n t i a l l y  a  t h i n  w a l le d  v e s s e l ,  
c o n ta in in g  th e  l i q u e f i e d  t a r g e t  g a s  i n  th e rm a l  c o n ta c t  
w i th  l i q u i d  h y d ro g e n .  T h is  assem bly  was p la c e d  i n  a  
l a r g e  m e ta l  d o u b le  w a l le d  Dewar, th e  m idd le  w a l l  b e in g  
a  r a d i a t i o n  s h i e l d  a t  l i q u i d  n i t r o g e n  te m p e ra tu re  (77^K )•
The t a r g e t  chamber i t s e l f  was a  copper c y l i n d e r ,  o f  w a l l
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t h i c k n e s s  0 .001  in c h  and of d ia m e te r  1 .5  i n c h e s .
Above th e  t a r g e t  chamber and co n n ec ted  t o  i t  by a  t h i n  
w a l le d  c a p i l l a r y  tu b e  was th e  d e u te r iu m  r e s e r v o i r ,  
which had a  volume g r e a t e r  th a n  th e  t a r g e t  cham ber.
The pu rpose  of th e  d e u te r iu m  r e s e r v o i r  was t o  e n a b le  
background c o u n t in g  r a t e s  t o  be m easured from  th e  empty 
t a r g e t  chamber w h ile  t h e r e  was s t i l l  l i q u i d  d e u te r iu m  
i n  th e  sy s tem . The d e u te r iu m  r e s e r v o i r  was i n  th e rm a l  
c o n ta c t  w i th  th e  b a s e  p l a t e  o f  th e  hydrogen  r e s e r v o i r .  
R e s i s t a n c e  ty p e  l e v e l  i n d i c a t o r s  were u sed  t o  show 
when th e  t a r g e t  was f u l l  and em pty.
(b) E x p e r im e n ta l  P ro ce d u re  and A n a ly s i s  of R e s u l t s .
The p u rp o se  o f th e  p r e s e n t  i n v e s t i g a t i o n  was two 
f o l d ;  f i r s t  t o  su p p ly  more e x p e r im e n ta l  ev id en ce  f o r  
th e  M oravcsik  th e o ry  o f  th e  t o  r a t i o  from  
d e u te r iu m , and s e c o n d ly ,  t o  see  w h e th e r  th e  low end 
p o in t  ene rgy  o f  240 MeV f o r  th e  b re m s s t ra h lu n g  beam 
produced  any s y s te m a t ic  d i f f e r e n c e  betw een  th e  p r e s e n t  
r e s u l t s  and th o s e  o b ta in e d  p r e v io u s ly  w ith  end p o i n t  
e n e r g ie s  g r e a t e r  t h a n  300 MeV. The p r e s e n t  r e s u l t s  
were o b ta in e d  i n  a  p e r io d  of two weeks of m achine t im e .
The p o s i t i o n  o f  th e  1 .5  in c h  d ia m e te r  l i q u i d  
d e u te r iu m  t a r g e t  was a b o u t  e i g h t  m e tre s  from  th e  
s y n c h ro t ro n  t a r g e t .  At t h i s  d i s t a n c e  th e  c o l l im a te d
beam d ia m e te r  was 1 .25  i n c h e s .  T h is  can be seen  from  
f i g u r e  w hich i s  an e l e c t r o n  s c a t t e r i n g  p h o to g rap h  
u se d  f o r  t h e  a l ig n e m e n t  o f  th e  l i q u i d  t a r g e t  i n  th e  
p h o to n  beam. P io n s  e m i t te d  a t  a  mean a n g le  o f 125 
d e g re e s  t o  th e  ph o ton  beam d i r e c t i o n  were d e t e c te d  by 
th e  s c i n t i l l a t i o n  c o u n te r  t e l e s c o p e .  The s o l i d  a n g le  
su b tended  by th e  second s c i n t i l l a t o r  a t  th e  t a r g e t  
was 0 .045 s t e r a d i a n s .  The a rran g em en t o f  th e  
a p p a r a tu s  i s  shown i n  f i g u r e  5 f  . I t  was n e c e s s a ry  
t o  s h i e l d  th e  t e l e s c o p e  from  background  r a d i a t i o n  
p roduced  from  th e  t a r g e t  assem bly  and from  a i r  i n  th e  
p a th  o f  t h e  beam. T h is  was done by e r e c t i n g  a  l e a d  
s c re e n  on t h r e e  s i d e s  o f  t h e  c o u n t e r s .
The t e l e s c o p e  d e t e c t e d  p io n s  o f  en e rg y  15 -  25 MeV. 
To e x ten d  th e  r e g io n  o f  i n v e s t i g a t i o n  t o  more e n e r g e t i c  
p io n s ,  a b s o r b e r s  o f  v a r io u s  t h i c k n e s s e s  were p la c e d  
betw een  th e  t e l e s c o p e  and th e  t a r g e t .  Three d i s t i n c t  
m easurem ents  were made f o r  each  ene rg y  i n t e r v a l  o f  p ion*  
These were th e  p io n  c o u n t in g  r a t e  w i th  t h e  t a r g e t  f u l l  
o f  d e u te r iu m , hydrogen  and th e n  th e  t a r g e t  em pty . The 
d a t a  were o b ta in e d  i n  a  s e r i e s  o f  ru n s  o f  v a ry in g  
l e n g t h ,  b u t  u s u a l l y  o f th e  o rd e r  o f an h o u r .  B e fo re  
th e  s t a r t  o f  a  r u n ,  th e  v o l t a g e s  on th e  c o u n te r s  and 








beam d ia m e te r  was 1.25 i n c h e s .  T h is  can be seen  from  
f i g u r e  ^4-^ w hich  i s  an e l e c t r o n  s c a t t e r i n g  p h o to g rap h  
u sed  f o r  th e  a l ig n em en t o f  th e  l i q u i d  t a r g e t  i n  th e  
p h o to n  beam. P io n s  e m i t te d  a t  a  mean a n g le  o f 125 
d e g re e s  t o  t h e  photon beam d i r e c t i o n  were d e t e c te d  by 
th e  s c i n t i l l a t i o n  c o u n te r  t e l e s c o p e .  The s o l i d  a n g le  
sub ten ded  by th e  second s c i n t i l l a t o r  a t  th e  t a r g e t  
was 0 .045 s t e r a d i a n s .  The a r ran g em en t o f  th e  
a p p a r a tu s  i s  shown i n  f i g u r e  . I t  was n e c e s s a ry  
t o  s h i e l d  th e  te le s c o p e  from  background  r a d i a t i o n  
p roduced  from  th e  t a r g e t  assem bly  and from  a i r  i n  th e  
p a th  o f th e  beam. T h is  was done by e r e c t i n g  a  l e a d  
s c re e n  on t h r e e  s id e s  o f  t h e  c o u n t e r s .
The t e l e s c o p e  d e te c te d  p io n s  o f  ene rg y  15 -  25 MeV. 
To e x ten d  th e  r e g io n  o f  i n v e s t i g a t i o n  t o  more e n e r g e t i c  
p io n s ,  a b s o r b e r s  of v a r io u s  t h i c k n e s s e s  were p la c e d  
betw een  th e  t e l e s c o p e  and th e  t a r g e t .  Three d i s t i n c t  
m easurem ents  were made f o r  each  en e rg y  i n t e r v a l  o f  p io n .  
These were th e  p io n  c o u n tin g  r a t e  w i th  t h e  t a r g e t  f u l l  
o f  d e u te r iu m , hydrogen  and th e n  th e  t a r g e t  em pty . The 
d a t a  were o b ta in e d  in  a  s e r i e s  o f  ru n s  o f  v a ry in g  
l e n g t h ,  b u t  u s u a l l y  of th e  o rd e r  o f an h o u r .  B e fo re  
th e  s t a r t  o f a  ru n ,  th e  v o l t a g e s  on th e  c o u n te r s  and 
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T y p ic a l  sp o t  p i c t u r e s  o b ta in e d  u s in g  hyd rogen  
and d e u te r iu m  i n  th e  t a r g e t  a r e  shown i n  f i g u r e s  17 
and I S  . The r e s o l u t i o n  i s  seen  to  he re a s o n a b ly  
good . The meson c o u n tin g  r a t e  w ith  th e  t a r g e t  empty 
was o f  t h e  o rd e r  o f  10^ t h a t  when t h e  t a r g e t  was f u l l  
o f  d e u te r iu m .  For c o n t in u o u s  m o n i to r in g  d u r in g  th e  
co u rse  o f  a  ru n  th e  k i c k s o r t e r  s e rv e d  to  c a tc h  any 
e l e c t r o n i c  t r o u b l e s  q u ic k ly .  A t y p i c a l  spec trum  
o b ta in e d  on th e  k i c k s o r t e r  u s in g  th e  hydrogen  t a r g e t  
i s  shown in  f i g u r e  /9 .
The sp o t  p i c t u r e s  were a n a ly s e d  i n  t h e  fo l lo w in g  
m anner. I n  t h e  hy d ro g en  ru n s  t h e r e  was r a r e l y  any 
doub t a b o u t  w h e th e r  a  s p o t  was due t o  a  meson o r  some 
o th e r  p a r t i c l e  a s  can be seen  from  f i g u r e / 7  . The 
r e g io n  o f  7T^ mesons i s  d e l i n e a t e d  by th e  a r e a  where 
d e la y e d  c o in c id e n c e s  o c c u r r e d .  The number o f  d e la y e d  
c o in c id e n c e s  and th e  t o t a l  number o f  7T mesons were 
o b ta in e d  from  c o u n t in g  th e  s p o t s .  The d a t a  i s  shown 
i n  T ab le  X . From th e  ru n s  w i th  th e  d e u te r iu m  
t a r g e t  th e  sp o t  p i c t u r e s  were n o t  q u i t e  so w e l l  d e f in e d  
a s  can be seen  i n  f i g u r e  . The r e g io n  be tw een  th e  
norm al meson band and th e  p ro to n  band i s  now o ccu p ied  
by a  few  s p o t s .  The i d e n t i t y  o f t h e s e  s p o t s  was 
th o u g h t  to  be 7T* mesons w hich  s to p p ed  i n  th e  second
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s c i n t i l l a t o r  and r e l e a s e d  a t  l e a s t  one charged  p ro d u c t  
i n  t h e  r e s u l t i n g  s t a r .  T h is  p ro c e s s  i s  known to  o c c u r  
i n  a  v e ry  s h o r t  t im e ( ^  1 0 s e c s .  Whiteman 195®) and 
th u s  t h e  a p p a re n t  en e rgy  i n  th e  second c o u n te r  i s  
i n c r e a s e d ,  th e re b y  moving th e  s p o t  up i n t o  th e  p r e v io u s ly  
v a c a n t  r e g io n .  An a n a l y s i s  o f  t h e  sp o t  d e n s i t y  a c r o s s  
t h i s  r e g io n  gave a  good e s t im a te  o f  th e  number o f  
mesons w hich were u n i d e n t i f i a b l e  u n d e r  th e  p ro to n  b an d . 
Thus th e  number o f  d e la y e d  c o in c id e n c e s  were re c o rd e d  
and a l s o  th e  t o t a l  number o f  mesons were o b ta in e d  from  
th e  d e u te r iu m  r u n s .  A s i m i l a r  a n a l y s i s  was perfo rm ed  
on th e  s p o t  p i c t u r e s  ta k e n  on t h e  background r u n s .
The d a ta  o b ta in e d  i n  t h i s  way i s  shown i n  T ab le  3 •
As can be seen  o n ly  two p io n  energy  i n t e r v a l s  
were s tu d ie d  w i t h i n  th e  a l l o c a t e d  m achine tim e when 
hydrogen  was u sed  i n  th e  t a r g e t .  The r a t i o s  o f 
**u n d e lay ed "  t o  "d e la y e d "  e v e n ts  were i n  good ag reem ent 
betw een  th e  two i n t e r v a l s  and a  mean v a lu e  €  was 
o b ta in e d .  T h is  v a lu e  was u sed  i n  t h e  fo l lo w in g  way.
L e t  be th e  t o t a l  p io n  c o u n t in g  r a t e  from  d e u te r iu m  
and Ng be th e  c o u n t in g  r a t e  f o r  d e la y e d  c o in c id e n c e s  
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Then we h a v e ;
c o u n t in g  r a t e  o f  TT^ from  d e u te r iu m  =
c o u n t in g  r a t e  o f  77"^ from  d e u te r iu m  = (1 + €  ) Ng
77— ^ ^2IThence th e  r a t i o  '  "
(1 + € )  Ng
The c a l c u l a t i o n  o f  t h i s  q u a n t i t y  i s  shown i n  T ab le  3  •
The e r r o r s  which a r e  quo ted  on th e  r a t i o s  have
been  o b ta in e d  by f in d in g  t h e  u n c e r t a i n t y  p roduced  i n  
th e  r a t i o  by th e  s t a t i s t i c a l  s ta n d a rd  d e v i a t i o n  on 
each o f  th e  in d e p e n d e n t  v a r i a b l e s  in v o lv e d  and th e n  
compounding t h e s e  e r r o r s .  A f i n a l  sm a ll  c o r r e c t i o n  
was a p p l i e d  t o  t h e  r a t i o s .  T h is  a r i s e s  from
th e  f a c t  t h a t  a  7T“ meson p ro d u c es  a  s t a r  when i t  
comes t o  r e s t  i n  t h e  second s c i n t i l l a t o r .  There i s  
th e  p o s s i b i l i t y  t h a t  one o f  th e  cha rged  p ro d u c t  
p a r t i c l e s  from  t h e  s t a r  e n t e r s  th e  t h i r d  s c i n t i l l a t o r  
th e r e b y  re d u c in g  t h e  e f f i c i e n c y  o f  a  123 c o in c id e n c e  
a n t i c o in c id e n c e  e v e n t  to  be r e c o r d e d .  From th e  b e s t  
a v a i l a b l e  d a t a  on t h e  s t a r  p ro c e s s  i n  ca rbon  
(Lederman 195 5 ) and an a c c u r a t e  knowledge o f  th e  
geom etry  of th e  c o u n te r s  t h e  p r o b a b i l i t y  f o r  t h i s  
p ro c e s s  to  happen  was c a l c u l a t e d  and found to  be a b o u t  
4 ^  1?^ * T h is  c o r r e c t i o n  was a p p l i e d  and t h e  f i n a l
r e s u l t s  f o r  th e  iryTT'*' r a t i o s  a r e  shown i n  t h e  l a s t  
column o f  T ab le  3
O ther c o r r e c t i o n s  were c o n s id e r e d ,  such a s  a  
p o s s i b l e  d i f f e r e n c e  i n  th e  mean f r e e  p a th s  f o r  TT" and 
mesons i n  th e  ca rbo n  a b s o r b e r s .  However, i t  was 
f e l t  t h a t  t h e r e  was n o t  s u f f i c i e n t  e x p e r im e n ta l  
e v id e n c e  to  show such a  d i f f e r e n c e .  Decay i n  f l i g h t  
o f th e  p io n s  a p p l i e s  sy m m e tr ic a l ly  t o  b o th  TT'' and 
mesons so  t h a t  i t  c a n c e ls  ou t i n  th e  r a t i o s .  I t  was 
a l s o  found t h a t  th e  c o u n t in g  l o s s e s  o f  th e  d i s p l a y  
u n i t  were n e g l i g i b l e .
Due t o  t h e  l o s s  o f  energy  o f  th e  p io n s  i n  th e  
l i q u i d  t a r g e t  and o t h e r  m a t e r i a l s ,  b e f o re  th e y  re a c h e d  
th e  t e l e s c o p e ,  i t  was n e c e s s a ry  to  c a l c u l a t e  th e  en e rg y  
o f  t h e  p io n s  a t  c r e a t i o n .  The p io n  e n e r g i e s  shown i n  
Table  3  a r e  th o s e  a t  c r e a t i o n  w i th i n  th e  t a r g e t .  I f  
f r e e  n u c le o n  k in e m a t ic s  a r e  assumed th e n  i t  i s  p o s s i b l e  
t o  a s s ig n  a  mean gamma ra y  energy  t o  each  p io n  ene rg y  
i n t e r v a l .  T h is  h a s  been  done i n  column two o f  th e  
T ab le  3 .
(c )  D i s c u s s io n  o f  R e s u l t s .
I t  i s  i n t e r e s t i n g  to  n o te  t h a t  t h e T T r a t i o  
o b ta in e d  i n  th e  h i g h e s t  ene rgy  i n t e r v a l  i s  beyond th e  
k in e m a t ic  l i m i t  o f  43 #7 MeV f o r  p io n  p ro d u c t io n  a t  125^
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from  a  f r e e  n u c le o n  by 240 MeV b re m s s t ra h lu n g  gamma 
r a y s .  Mesons a r e  on ly  produced  i n  t h i s  en e rg y  r e g io n  
b e c a u se  o f  th e  f i n i t e  momentum o f  th e  n u c le o n s  w i t h i n  
th e  d e u te r iu m  n u c le u s .
The a n g u la r  v a r i a t i o n  o f  th e  r a t i o  from
d e u te r iu m  a s  a  f u n c t i o n  o f ene rg y  h a s  been  d i s c u s s e d  
i n  Some d e t a i l  by M oravcsik  (1957) * F ig u re s  -26 and 
7  a r e  re p ro d u c e d  from  M o ra v c s ik ’ s p a p e r  w i th  t h e  
a d d i t i o n  o f  th e  p r e s e n t  d a t a  i n  th e  form  o f open 
c i r c l e s  from  th e  t h r e e  lo w e s t  en e rg y  r u n s .  The p o i n t  
i n  f i g u r e  X 7  i s  th e  w e ig h ted  mean o f  th e  d a t a  from  
218 -  233 MeV. I t  w i l l  be seen  t h a t  th e  ag reem en t w i th  
p r e v io u s  d a t a  i s  good . The dashed  and s o l i d  c u rv e s  
r e p r e s e n t  two v e r s i o n s  o f  th e  M oravcs ik  th e o ry  which he  
c a l l s  t h e  " a d ju s t e d "  and " u n a d ju s te d "  v e r s io n s  
r e s p e c t i v e l y .  The t h r e e  l i n e s  i n  each  ca se  co r re sp o n d  
t o  th e  u p p e r  and lo w er l i m i t s  o f  th e  p r e d i c t i o n s  g iv e n  
by v a r i o u s  a p p ro x im a t io n s .
The u n a d ju s te d  v e r s i o n  i s  b a s i c a l l y  an  e v a lu a t i o n  
o f  th e  Low (1956) th e o ry  o f  p h o to p ro d u c t io n  by u s in g  
th e  e x p e r im e n ta l  p io n  n u c le o n  s c a t t e r i n g  phase s h i f t s .
An a t t e m p t  was a l s o  made to  in c lu d e  some r e c o i l  
c o r r e c t i o n s  b u t  i t  was found t h a t  th e  e f f e c t  o f  th e s e  
c o r r e c t i o n s  was s m a l l .  The d i f f e r e n t i a l  c r o s s  s e c t i o n
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produced  from d e u t e r i u m  as  a f u n c t i o n  o f  
l a b o r a t o r y  a n g l e .  The p r e s e n t  d a t a  i s
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F i g u r e  2 7 ,  • R a t i o  o f  x  t o  m e s o n s  p h o t o ^  
p r o d u c e d  f ro m  d e u t e r i u m  a s  a f u n c t i o n  o f  
l a b o r a t o r y  a n g l e .  The  p r e s e n t  d a t a  i s  
i n d i c a t e d  b y  o p e n  c i r c l e s .
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f o r  ch a rg ed  meson p ro d u c t io n  in c lu d in g  r e c o i l  was 
shown to  be o f  t h e  form
( 2 4 )
2 2where e = 1 /1 3 7 ,  f  i s  th e  r e n o rm a l iz e d  p io n  n u c le o n  
c o u p l in g  c o n s t a n t i s  th e  p io n  r e s t  m ass, M i s  th e  
n e c le o n  r e s t  m ass , i s  th e  meson en e rg y  and ^  -  i s  
th e  m a t r ix  e lem en t f o r  charged  p io n  p r o d u c t i o n .
A lthough  th e  p r e d i c t i o n  o f ( ^ 0 )  u s in g  th e  known 7T— p 
s c a t t e r i n g  phase  s h i f t s  g iv e s  r e a s o n a b le  ag reem en t w ith  
th e  e x p e r im e n ta l  r e s u l t s  on TT"^ p ro d u c t io n  from  
hydrogen  i t  g iv e s  u n i t y  f o r  theV^^/TT"*" r a t i o  from  
d e u te r iu m  n e a r  t h r e s h o l d .  T h is  f a c t  i s  i n  d i s a g r e e ­
ment w i th  a l l  e x p e r im e n ta l  e v id e n c e .
To overcome t h i s  f a i l u r e  th e  p ro c e d u re  ad o p ted  i n  
th e  a d j u s t e d  v e r s i o n  o f  th e  th e o r y  was t o  c a l c u l a t e  
th e  c o e f f i c i e n t  o f  th e  S -  wave te rm  o f  t h e  m a t r ix  
e lem en t u s in g  p e r t u r b a t i o n  t h e o r y .  The r e s u l t i n g  
c o e f f i c i e n t  i s
f o r  p o s i t i v e  p io n s  and 
f o r  n e g a t iv e  p i o n s .
( 1 + &,)
The j u s t i f i c a t i o n  f o r  t h i s  i s  b a s i c a l l y  t h a t  th e  
d i s p e r s i o n  t h e o r e t i c a l  t r e a tm e n t  shows t h a t  t h e  
p e r t u r b a t i o n  r e s u l t  shou ld  be c o r r e c t  a t  low e n e r g i e s .
In  p a s s in g  i t  i s  w o rth  p o in t in g  o u t t h a t  a  d i f f i c u l t y  
e x p e r ie n c e d  w i th  th e  d i s p e r s i o n  te c h n iq u e  i s  th e  v e ry  
c o m p lic a te d  n u m e r ic a l  e v a lu a t io n  of th e  i n t e g r a l s  
in v o lv e d  and t h i s  h a s  n o t  been  done a d e q u a te ly  t o  d a te  
f o r  th e  iry^ ir '^  r a t i o .  Thus th e  a d ju s t e d  v e r s i o n  o f  
th e  th e o ry  u s e s  a  co m b in a tio n  o f  a  p e r t u r b a t i o n  S -  
wave and h ig h e r  a n g u la r  momentum c o n t r i b u t i o n s  o f  th e  
Low t y p e .  As i s  t o  be e x p e c ted  t h i s  form  o f th e  th e o ry  
p ro d u c e s  l i t t l e  change i n  th e  shape o f  th e  a n g u la r  
d i s t r i b u t i o n  a s  compared t o  th e  p r e v io u s  u n a d ju s te d  
v e r s i o n .
A t low e n e r g ie s  200 MeV o f  gamma ra y  ) th e
S -  wave c o n t r i b u t i o n  i s  dom inated  and th e  u n a d ju s te d  
th e o ry  i s  n o t  t o  be  t r u s t e d .  T h is  i s  e v id e n t  from  
f i g u r e  36 w hich shows po o r ag reem en t betw een  ex p e rim en t 
and t h e o r y .  However, good agreem en t i s  o b ta in e d  w i th  
th e  a d j u s t e d  v e r s i o n  o f  th e  t h e o r y .  At h ig h e r  
e n e r g ie s  th e  e x p e r im e n ta l  d a t a  f a v o u r  th e  r e g io n  
betw een th e  two v e r s io n s  o f  th e  th e o ry  a s  i s  becoming 
e v id e n t  i n  f i g u r e  ^ 7  . T h is  t r e n d  i s  c o n t in u e d  a t
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h ig h e r  e n e r g i e s  u n t i l  th e  e x p e r im e n ta l  d a ta  i s  w e l l  
d e s c r ib e d  by th e  u n a d ju s te d  t h e o r y .
The c o n c lu s io n  t h a t  can be  re a c h e d  from th e  
p r e s e n t  work i s  t h a t  agreem ent h a s  been  o b ta in e d  w i th  
p r e v io u s  e x p e r im e n ta l  d a t a  and h a s  added f u r t h e r  
ev id en ce  f o r  th e  g e n e r a l  M arav cs ik  i n t e r p r e t a t i o n  of 
th e  Low th e o ry  o f  p h o to p ro d u c t io n .  F i n a l l y  i t  shou ld  
be n o te d  t h a t  a s  a l l  th e  p r e v io u s  d a ta  was ta k e n  w ith  
b re m s s t ra h lu n g  maximum e n e r g i e s  o f  300 -  500 MeV, th e  
p r e s e n t  r e s u l t s  p ro v id e  a  s a t i s f a c t o r y  c o n f i rm a t io n  
t h a t  th e  p r e v io u s  r e s u l t s  were n o t  a p p r e c ia b ly  a f f e c t e d  
by c o n t r i b u t i o n s  from  gamma r a y s  o f  ene rgy  much h ig h e r  
th a n  t h a t  a p p r o p r i a t e  t o  th e  f r e e  n u c le o n  c a s e .
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C h ap te r  V
The P h o to p ro d u c t io n  o f Charged P io n s  
from  H ydrogen .
(a) E x p e r im e n ta l  D e t a i l s .
The o b je c t  of th e  p r e s e n t  i n v e s t i g a t i o n  was to  
f i n d  th e  v a r i a t i o n  o f th e  a b s o lu t e  d i f f e r e n t i a l  c r o s s  
s e c t i o n  f o r  t h e  p h o to p ro d u c t io n  o f  mesons a t  
90^ i n  th e  c e n t r e  of mass system  (C .M .S.) a s  a  f u n c t io n  
o f  en e rg y  betw een  160 and 200 MeV o f gamma r a y .  In  
t h i s  w ork , t h e r e f o r e ,  an  a c c u r a t e  knowledge o f  th e  
ene rgy  sp ec tru m  of th e  gamma ra y  beam i n  th e  r e g io n  
160 -  200 MeV was n e c e s s a r y .  Due to  th e  f a c t  t h a t  
th e  shape o f  th e  ene rgy  spec trum  o f  t h e  b re m s s t ra h lu n g  
beam was r a t h e r  u n c e r t a i n  n e a r  th e  maximum e n e rg y ,  
th e  s y n c h ro t ro n  was o p e ra te d  a t  320 MeV.
The l i q u i d  t a r g e t  u sed  i n  t h i s  i n v e s t i g a t i o n  was 
c o n s t r u c te d  by Mr. D. M i l l e r  o f t h i s  l a b o r a to r y  and 
i s  d e s c r ib e d  by Bellam y e t .  a l .  ( i 9 6 0 ) .  The t a r g e t  
chamber was a  1 cm. t h i c k  f l a t  w a l le d  s l i c e ,  c o n s t r u c te d  
w ith  0 .0 0 1  in c h  m y la r  w a l l s .  The c r y o s t a t  was s i m i l a r  
t o  t h a t  u sed  i n  th e  d e u te r iu m  e x p e r im e n t .  I t  was 
p o s s i b l e  t o  p l a c e  th e  l i q u i d  t a r g e t  ab ou t seven  m e tre s  
from  th e  s y n c h ro t ro n  t a r g e t ,  a t  which p o s i t i o n  th e
d ia m e te r  of th e  gamma beam was j u s t  g r e a t e r  th a n  one 
i n c h .  A lignem ent o f  th e  t a r g e t  r e l a t i v e  t o  th e  beam 
was perfo rm ed  w i th  th e  a id  o f e l e c t r o n  s c a t t e r i n g  
p h o to g ra p h s .  To re a c h  th e  l i q u i d  t a r g e t  th e  gamma 
beam p a s s e d  th ro u g h  on ly  one in c h  o f  a i r  b e f o re  e n te r in g  
th e  vacuum box o f  th e  t a r g e t .  The norm al t o  th e  l i q u i d  
hydrogen  s l i c e  was s e t  a t  45 ^  0 .3  d e g re e s  t o  th e  pho ton  
beam. The a rran g em en t o f  th e  a p p a r a tu s  i s  shown in  
f i g u r e "2F , Due to  th e  k in e m a t ic s  o f  th e  r e a c t i o n ,  
f o r  a  g iv e n  minimum energy  o f  meson d e t e c t a b l e ,  a  low er 
energy  o f  gamma r a y  i s  re a c h e d  a s  th e  a n g le  o f  em iss io n  
o f th e  d e t e c t e d  meson i s  d e c r e a s e d .  F o r t h i s  r e a s o n  
th e  a x i s  o f  t h e  c o u n te r  t e l e s c o p e  was p la c e d  a t  
50 ^  0 .5  d e g re e s  r e l a t i v e  t o  th e  photon  beam. At 
160 MeV o f  gamma ra y  t h i s  i s  q u i t e  c lo s e  t o  90 d e g re e s  
i n  th e  c .m . s .  and t h e  c o r r e c t i o n  f o r  th e  sm a ll  d i f f e r e n c e  
was made i n  th e  f i n a l  a n a l y s i s .  As can be seen  i n  
f i g u r e  A ? , f o u r  s c i n t i l l a t i o n  c o u n te r s  a r e  shown. The 
r e a s o n  f o r  t h i s  w i l l  now be e x p la in e d .
With th e  p r e v io u s  t h r e e  c o u n te r  a rran g em en t th e  
minimum energ y  o f  p io n  d e t e c t a b l e  was ab o u t 15 MeV.
At 50 d e g re e s  i n  th e  l a b o r a t o r y  t h i s  c o r re sp o n d s  to  
ab o u t 170 MeV o f  gamma r a y .  To re a c h  low er gamma ra y  
e n e r g i e s  a t h i n  p l a s t i c  s c i n t i l l a t i o n  c o u n te r  was p la c e d
u ^
li quid
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and hydrogen  t a r g e t ,  th ro u g h  which t h e  gamma beam was a l lo w ed  to
S chem atic  r e p r e s e n t a t i o n  o f  c o u n te r  t e l e s c o p e
i
i n  f r o n t  o f  th e  p r e v io u s  f r o n t  c o u n te r  and a  dE/dx 
and E a n a l y s i s  was perfo rm ed  f o r  t h e s e  two c o u n te r s  
i n  th e  same manner a s  d e s c r ib e d  p r e v io u s l y .  A f a s t  
c o in c id e n c e  c i r c u i t  was now o p e ra te d  e i t h e r  a s  a  123’ 
o r  a  1 2 3 Î  c o in c id e n c e  a n t i c o in c id e n c e  depend ing  on 
w h e th e r  th e  p a r t i c l e  s to pped  i n  th e  second o r  t h i r d  
c o u n t e r s .  The r e s o l v i n g  t im e s  o f t h e s e  c i r c u i t s  were 
20 n a n o s e c o n d s .  When a 123' e v e n t  o c c u r re d ,  a  g a t e  was 
opened t o  d e t e c t  a  d e lay e d  c o in c id e n c e  from  th e  second 
c o u n te r  j u s t  a s  d e s c r ib e d  b e f o r e  f o r  «."'’d ec ay s  i n
th e  t h i r d  c o u n te r .  Thus two energy  i n t e r v a l s  o f  p io n s  
were s tu d i e d  s im u l ta n e o u s ly .
A l l  th e  in f o r m a t io n  was now d is p la y e d  a s  s p o t s  on 
fo u r  c a th o d e  r a y  tu b e s  which were ph o to g rap h ed  by one 
camera on 60 m.m. f i l m .  These f o u r  d i s p l a y s  c o r re sp o n d  
t o  e v e n ts  o f  th e  ty p e  123’, 123’7T^, 1234, and 1234 TT''  ^ . 
F o r c o n t in u o u s  m o n i to r in g  th e  k i c k s o r t e r  was u sed  in  
th e  fo l lo w in g  m anner. The f i r s t  25 c h a n n e ls  were used  
t o  d i s p l a y  th e  123 fo rm a t io n  and th e  123 7 T ^ev en ts  were 
d i s p la y e d  i n  c h a n n e ls  26 -  50 . The second 50 c h a n n e ls  
were u sed  i n  a  s i m i l a r  way f o r  th e  1234 sy s tem .
The d im en s io n s  o f  th e  a d d i t i o n a l  c o u n te r  were 
0 .1  in c h e s  t h i c k  and 2 .0  in c h e s  d ia m e te r .  T h is  c o u n te r  
d e f in e d  th e  s o l i d  an g le  of a c c e p ta n c e  o f  th e  t e l e s c o p e
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and a s  th e  d i s t a n c e  betw een  th e  c e n t r e  o f  t h e  t a r g e t  
and th e  f r o n t  o f  th e  c o u n te r  was 14 .3  in c h e s  th e  s o l i d  
a n g le  was 0 .0154  s t e r a d i a n s .  The d i s t a n c e s  betw een 
th e  c o u n te r s  from  f r o n t  t o  back  of th e  t e l e s c o p e  were 
1 .2 3 ,  1 .1 8  and 0 .7 8  i n c h e s .
(b) E x p e r im e n ta l  P ro ced u re  and A n a ly s i s  o f  R e s u l t s .
The c o u n te r  t e l e s c o p e  h a v in g  been  c a r e f u l l y  
a l i g n e d ,  was s h ie ld e d  from  s t r a y  r a d i a t i o n  by le a d  
s c re e n in g  on a l l  s i d e s .  Even a l th o u g h  t h i s  p r e c a u t io n  
was t a k e n ,  i t  was found t h a t  t im e background  produced  a  
few s p o ts  i n  th e  r e g io n  o f th e  s p o t  p i c t u r e s  o f th e  123 
sy s tem , w hich  shou ld  have been  occu p ied  only  by s p o t s  
due to  m esons. To overcome t h i s ,  th e  d i s p l a y  u n i t  
was g a te d  by a  2 m .s e c .  p u ls e  from  th e  s y n c h ro tro n  
w hich c o m p le te ly  o v e r la p p ed  th e  t im e  d u r in g  which th e  
b re m s s t ra h lu n g  beam was p ro d u c ed . Under th e s e  con­
d i t i o n s  th e  t im e  background was red u ced  by a  f a c t o r  o f  
a  h u n d re d ^ to  a  n e g l i g i b l e  c o n t r i b u t i o n .
The p r e s e n t  r e s u l t s  were o b ta in e d  i n  a  p e r io d  o f 
one month o f  m achine t im e .  D urin g  m ost o f  t h i s  t im e ,
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th e  o u tp u t  o f  th e  machine was a b o u t  5 x  10 e q u iv a le n t  
q u a n ta  a s  m easured  by th e  C o rn e l l  t h i c k  w a l le d  
i o n i z a t i o n  cham ber. The r a n g e s  o f  p io n  e n e r g i e s  w hich
7/
were d e te c te d  by th e  t e l e s c o p e  were 6 - 1 3  MeV and
14 -  25 MeV and w i th  th e  u se  o f  a b s o r b e r s  o f  ca rbon
2 2 and copper (4*44 gm./cm and 8 .7 4  gm./cm r e s p e c t i v e l y )
p io n s  of h ig h e r  energy  were s t u d i e d .
The d a t a  were o b ta in e d  i n  a  s e r i e s  o f  ru n s  o f  a b o u t  
one hour e a c h .  B e fo re  th e  s t a r t  o f  a  ru n  th e  a b s o rb e r  
a t  th e  f r o n t  o f  th e  t e l e s c o p e  was changed , th e  l e v e l  o f  
l i q u i d  hydrogen  i n  th e  t a r g e t  was checked , b i a s e s  i n  th e  
e l e c t r o n i c s  were checked and f i l m  o f  th e  p re v io u s  ru n  
was d ev e lo p e d . D uring  th e  co u rse  o f  th e  ex p e r im e n t th e  
t a r g e t  was em ptied  tw ice  and s e r i e s  o f  ru n s  on back ­
ground c o u n tin g  r a t e s  were p e r fo rm e d .
F ig u re  shows th e  s p o t  p i c t u r e s  o f  a  t y p i c a l
ru n  w ith  no a b s o r b e r  i n  f r o n t  o f  th e  t e l e s c o p e .  In  
th e  d iagram , ( a ) ,  ( b ) , (c) and (d) r e p r e s e n t  th e  123,
123  ^ , 1234 and 1234 d i s p l a y s  r e s p e c t i v e l y .
They a r e ,  o f  c o u r s e ,  s i m i l a r  t o  th e  s p o t  p i c t u r e s  
i l l u s t r a t e d  i n  a p r e v io u s  c h a p te r .  In  th e  125 p i c t u r e ,  
th e  l a r g e  number o f  p ro to n s  i s  m a in ly  from  th e  r e a c t i o n  
o f  7T ^ p r o d u c t io n ,  w hich r e l e a s e s  a  low energy  r e c o i l  
p r o to n .  A lso ,  i t  can be seen  t h a t  th e  Landau sp re a d  i n  
p u ls e  h e ig h t  f o r  e l e c t r o n s  p a s s in g  th ro u g h  c o u n te r  one^ 
h a s  produced  a  few s p o t s  w e l l  o ver to w ard s  th e  meson 
g ro u p .
7/ 0.
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The s p o t  p i c t u r e s  were p r o j e c t e d  and th e  
d i s t r i b u t i o n  o f  s p o t s  c o r re sp o n d in g  to  d e lay e d  
c o in c id e n c e s  was r e c o r d e d .  L in e s  were drawn down th e  
c e n t r e s  o f  t h e s e  d i s t r i b u t i o n s  and a l s o  a t  e q u a l ly  
spaced  d i s t a n c e s  on e i t h e r  s i d e .  S im i l a r l y  th e  e n t i r e  
d i s t r i b u t i o n  was d iv id e d  by a s e t  o f h o r i z o n t a l  l i n e s  
so t h a t  th e  r e g io n  form ed a  m a t r ix  o f  sm a ll  boxes*
Each box was l a b e l l e d  by c a l l i n g  th e  h o r i z o n t a l  
d i v i s i o n s  from  1 t o  20 and th e  v e r t i c a l  d i v i s i o n s  from  
A t o  R . A l l  th e  e x p e r im e n ta l  d a ta  was th e n  re c o rd e d  
i n  th e  form  o f  th e  number of s p o t s ,  f o r  b o th  d e lay e d  
and u n d e lay e d  e v e n t s ,  observed  i n  each  b ox . About 
5 ,0 0 0  mesons were r e c o rd e d  i n  t h i s  way. H o r iz o n ta l  
and v e r t i c a l  d i s t r i b u t i o n s  were th e n  drawn f o r  a l l  th e  
energy  i n t e r v a l s  o f  d e t e c te d  p i o n s .  From th e s e  c u rv e s  
th e  num bers o f  mesons i n  each  ene rg y  i n t e r v a l  were 
e s t im a te d  *
I t  was found t h a t  l i t t l e  a m b ig u ity  a r o s e  f o r  any 
o f  th e s e  i n t e r v a l s  e x c e p t  f o r  th e  lo w e s t  ene rgy  one .
I n  t h i s  ca se  th e  g e n e r a l  d i s t i n c t i o n  betw een  e l e c t r o n s  
mesons and p h o to n s  was n o t  s u f f i c i e n t l y  good to  make a  
r e l i a b l e  e s t im a te  o f  th e  number o f  m esons. T h e re fo re  
two c r i t e r i a  w ere demanded; f i r s t  t h a t  th e  sp o t  be 
w i th in  th e  g e n e r a l  meson r e g io n  and seco n d ly  t h a t  t h e r e  
shou ld  h ave  been  an  a s s o c i a t e d  d e la y e d  c o in c id e n c e *
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The number o f  such  e v e n ts  was found and a l s o  th e  
s i m i l a r  numbers i n  t h e  same system  when a b s o r b e r s  were 
u s e d .  T h is  gave a  r e l a t i v e  m easure o f  th e  c o u n t in g  
r a t e  o f p io n s  w hich s to p p ed  i n  th e  same ran g e  i n t e r v a l  
( th e  second s c i n t i l l a t o r ) ,  b u t  which had  d i f f e r e n t  
ene rgy  i n t e r v a l s  a t  c r e a t i o n .
A l l  the  d a t a  i s  shown i n  Table ^  • Column s i x
shows th e  ob se rv ed  c o u n tin g  r a t e  f o r  p io n s  from  th e  
empty t a r g e t  a f t e r  n o rm a l i s in g  t o  th e  number o f 
e q u iv a l e n t  q u a n ta  which were u sed  i n  th e  c o r re sp o n d in g  
t a r g e t  f u l l  r u n s .  The n e t t  number o f  p io n s  p e r  
i n t e g r a t o r  " sweep" were c o r r e c t e d  f o r  th e  fo l lo w in g  
e f f e c t s :
( l )  Dead tim e o f  th e  d i s p l a y  u n i t .
The dead t im e  o f th e  d i s p l a y  u n i t  was m easured  and 
found to  be 5 ^ ^  s e c .  i n  b o th  th e  123 and 1234 sy s te m s . 
T h is  dead t im e  o c c u r re d  i n  t h e  b lo c k in g  o s c i l l a t o r  
c i r c u i t s .  From a  knowledge of th e  c o u n tin g  r a t e s  of 
f o u r  s c a l a r s  o f  known dead t im e s ,  two o f which m easured 
th e  c o u n t in g  r a t e s  o f  th e  b lo c k in g  o s c i l l a t o r s ,  and th e  
o th e r  two m easured  th e  c o u n t in g  r a t e s  o f  th e  t r i g g e r i n g  
p u l s e s  t o  th e  b lo c k in g  o s c i l l a t o r s ,  a c c u r a te  a l lo w an ce  
was made f o r  c o u n t in g  l o s s e s .  As can be see n  from  
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en e rg y  i n t e r v a l  f o r  t h i s  e f f e c t *  I t  i s  i n t e r e s t i n g  t o  
n o te  i n  p a s s in g  t h a t  f o r  ev e ry  meson re c o rd e d  i n  th e  
lo w e s t  ene rgy  i n t e r v a l  t h e r e  w e * 2 0 ,0 0 0  e l e c t r o n s  
w i th in  th e  same energy  b an d .
(2) M u l t ip le  s c a t t e r i n g  and n u c l e a r  a b s o r p t i o n .
From th e  known geom etry  o f  t h e  c o u n te r  t e l e s c o p e  
and th e  a b s o rb e r  d im en s io n s  i t  was p o s s i b l e  t o  o b t a i n  
w ith  good ac c u ra c y  th e  l o s s e s  due to  m u l t i p l e  
s c a t t e r i n g  i n  th e  a b s o r b e r s .  I n  t h i s  c o n n e c t io n  th e  
g r a p h ic a l  r e s u l t s  o f  S te m h e im e r  (1954) were m ost u s e f u l .  
\Vith th e  a id  of th e  d a ta  of S to rk  (1955) and M a r t in  
(1952) e s t im a te s  were made o f  th e  l o s s e s  due t o  n u c l e a r  
a b s o r p t io n  and l a r g e  an g le  s c a t t e r s  o f  th e  mesons in  
th e  a b s o r b e r s .  In  g e n e r a l  th e  m u l t i p l e  s c a t t e r i n g  
l o s s e s  were found to  be g r e a t e r  th a n  th o s e  due t o  
a b s o r p t i o n .  Column 10 shows th e  p io n  co u n tin g  r a t e  
a f t e r  c o r r e c t i o n  f o r  t h e s e  l o s s e s .
(5 ) Meson decay i n  f l i g h t .
In  th e  case  o f th e  12^ system  vAiere only  d e la y e d  
c o in c id e n c e  e v e n ts  a r e  r e c o r d e d ,  a  r e l a t i v e l y  easy  
c a l c u l a t i o n ,  in v o lv in g  th e  "proper** f l i g h t  t im e s  and 
known l i f e t i m e  o f  t h e  p io n ,  y i e l d s  th e  a p p r o p r i a t e  
c o r r e c t i o n s .  However, i n  th e  c a se  of th e  1254 system  
a fo rm id a b le  c a l c u l a t i o n  p r e s e n t s  i t s e l f .  The d i f f i c u l t y
a r i s e s  from  th e  f a c t  t h a t  th e  r e s o l u t i o n  o f  t h e  
d e t e c t i o n  system  i s  n o t  s u f f i c i e n t  t o  d i s c r i m i n a t e  a  
TT- meson from  a ^ y U -m e so n . Thus a l th o u g h  a  TT-  meson, 
w i t h in  th e  energy  i n t e r v a l  o f d e t e c t i o n ,  may decay  i n  
f l i g h t  and th e  r e s u l t i n g - m e s o n  e scap e  d e t e c t i o n ,  
i t  i s  p o s s ib l e  f o r  a  TT -  meson o u tw i th  th e  en e rg y  
i n t e r v a l  o f d e t e c t i o n  t o  decay such  t h a t  t h e  r e s u l t i n g  
meson i s  d e te c te d  by th e  t e le s c o p e *  The co m p lex ity  
o f  t h e  e f f e c t  can now be v i s u a l i z e d .  A com plete  
a n a l y s i s  o f  th e  problem  was c a r r i e d  ou t making r e a s o n a b le  
a s su m p tio n s  ab o u t th e  energy  and a n g u la r  dependence o f 
th e  pho top roduced  p io n s  and u s in g  th e  e x a c t  decay  
k in e m a t ic s  o f  th e  p io n .  A t h r e e  f o l d  i n t e g r a l  
e x p r e s s io n  was o b ta in e d  and e v a lu a te d  n u m e r i c a l ly .
The r e s u l t s  showed t h a t  no  c o r r e c t i o n  shou ld  be a p p l i e d  
t o  th e  observed  d a t a .  T h is  im p lie d  t h a t  w i th  th e  
p a r t i c u l a r  geom etry  employed th e  l o s s e s  w ere e x a c t ly  
b a la n c e d  b y m e s o n  g a in s  from  p io n s  which would n o t  
o th e rw is e  have been  d e t e c t e d .  The r e l a t i v e  u n c e r t a i n t y  
o f  t h i s  c o r r e c t i o n  f a c t o r  on one energy  i n t e r v a l  o f  p io n  
compared t o  a n o th e r  was th o u g h t  t o  be sm a ll  and ^  1^ . 
An a b s o lu t e  u n c e r t a i n t y  i n  th e  c o r r e c t i o n  o f  ^  2fo was 
e s t i m a t e d .
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We w ish  now to  o b ta in  th e  d i f f e r e n t i a l  c r o s s  
s e c t i o n s  c o r re sp o n d in g  t o  th e  c o r r e c t e d  c o u n t in g  r a t e s  
i n  T ab le  Jh • The c o u n t in g  r a t e ,  N, o f  pho top roduced  
p io n s  may be w r i t t e n  a s
where i s  th e  number o f  p h o to n s  o f  mean energy
k w i th in  th e  i n t e r v a l  k ,  A Ï2  i g  th e  s o l i d  a n g le  
su b ten d ed  by th e  d e t e c t i o n  system  a t  th e  t a r g e t ,  
i s  t h e  d i f f e r e n t i a l  l a b o r a t o r y  c r o s s  s e c t i o n ,  and n^ i s  
th e  number o f  t a r g e t  n u c l e i  p e r  sq u a re  c e n t im e tre *
We may e x p r e s s  ( ^ /  ) a s
where we have  t ra n s fo rm e d  th e  c r o s s  s e c t i o n  i n t o  th e
c . m . s . ,  and E i s  t h e  l a b o r a to r y  k i n e t i c  energy  o f  th e
dkp io n .  S in ce  th e  r e a c t i o n  i s  a  two body p ro c e s s  ^  and
A a r e  u n iq u e ly  d e f in e d  f u n c t i o n s  o f  e n e rg y .
CL C O S  Cr
T a b le s  o f  t h e s e  f u n c t i o n s  have  been  computed by 
I t  was fo u n d , how ever, t h a t  th e  r e s t  mass o f  th e  p io n  
which was u se d  by t h e s e  a u th o r s  i n  t h e i r  c o m p u ta tio n s  
was Vfo i n  e r r o r  a c c o rd in g  t o  r e c e n t  e x p e r im e n ta l  d a t a  
(Crowe 1957) . T h is  p ro d u c es  e r r o r s  o f  s e v e r a l  p e r  c e n t  
i n  v a lu e s  o f  th e  r e q u i r e d  f u n c t i o n s  n o t  f a r  above
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t h r e s h o l d .  V a lu e s  f o r  t h e  f u n c t i o n s  were computed 
t h e r e f o r e ,  u s in g  th e  m ost r e c e n t  d a ta  on th e  p io n  r e s t  
m ass .
An e x te n s iv e  work by L e i s s  and F enn er (195^ ) 
c o n ta in s  t a b l e s  o f  ^  a s  a  f u n c t i o n  o f  k and i n  
p a r t i c u l a r  f o r  a  b r e m s s t r a h lu n g  maximum ene rg y  o f  320 
MeV. These t a b l e s  were u sed  i n  th e  e v a lu a t i o n  o f  th e  
a b s o lu te  p h o to p ro d u c t io n  c r o s s  s e c t i o n s .  However, t o  
p ro v id e  an a d d i t i o n a l  check  on t h i s  d a t a ,  an 
e x p e r im e n ta l  d e te r m in a t io n  o f th e  energy  spec trum  of 
th e  b re m s s t ra h lu n g  beam from  th e  s y n c h ro tro n  was 
perfo rm ed  and w i l l  be  d e s c r ib e d  i n  th e  n e x t  c h a p te r .
The t o t a l  en e rg y  c o n ta in e d  in  th e  b re m s s tra h lu n g  beam 
was m o n ito red  c o n t in u o u s ly  by an  e x a c t  copy o f  th e  
C o rn e l l  t h i c k  w a l le d  i o n i z a t i o n  cham ber. T h is  chamber 
h a s  been  c a l i b r a t e d  m ost a c c u r a t e l y  by P a l f r e y  e t .  a l .  
(1959)# The number o f " e q u iv a le n t  q u a n ta " ,  Q i s  
d e f in e d  a s
o
o r  Q = t o t a l  en e rg y  in  th e  beam d iv id e d  by th e  maximum 
pho ton  e n e rg y .  Thus th e  m o n i to r  p ro v id e s  a  m easure 
o f  th e  number o f  e q u iv a l e n t  q u a n ta  which have been  u sed  
i n  any r u n .
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I n  e x p r e s s io n  (J ? ^ )  ^  E r e f e r s  t o  th e  energy  
i n t e r v a l  o f  p io n  a t  c r e a t i o n .  To o b ta in  t h i s  an 
e s t im a te  must f i r s t  be made o f th e  energy  i n t e r v a l  o f 
p io n  which i s  d e te c te d  by th e  t e l e s c o p e .  C o n s id e r  
mesons which s to p  in  th e  t h i r d  s c i n t i l l a t o r  i . e .  1234 
e v e n t s .  From th e  s p o t  p i c t u r e  d i s t r i b u t i o n s  a  
h o r i z o n t a l  l e v e l  was d e c id e d  upon , above which th e  s p o t s  
were added and a t t r i b u t e d  t o  r e p r e s e n t  th e  meson c o u n t­
in g  r a t e  y The e l e c t r o n  energy  r e q u i r e d  t o  p roduce  
s p o t s  a t  t h i s  l e v e l  was found w i th  th e  u se  o f r a d i o ­
a c t i v e  s o u rc e s .  From t h i s  in fo rm a t io n  th e  e q u iv a l e n t  
meson energy  was o b ta in e d  a f t e r  s u i t a b l e  a l lo w an ce  f o r  
l i g h t  s a t u r a t i o n  in  th e  s c i n t i l l a t o r  (McDiarmid 1957)•  
The u p p e r  l i m i t  o f  th e  meson ene rgy  i n t e r v a l  was 
e s t im a te d  i n  a s i m i l a r  f a s h io n  from t h e  e l e c t r o n  energy  
r e q u i r e d  t o  p roduce  enough en e rg y  i n  th e  f o u r t h  
s c i n t i l l a t o r  t o  o p e ra te  th e  a n t i  c o in c id e n c e  c i r c u i t .
I t  was th o u g h t  t h a t  th e  ene rgy  i n t e r v a l  o f  p io n s  
d e te c te d  by th e  1234 system  was known to  55 •^ W ith th e  
u se  o f  th e  ra n g e  -  energy  r e l a t i o n s h i p s  of R ich  and 
Madey (195 5 ) i t  was p o s s ib l e  t o  o b ta in  th e  ene rg y  
i n t e r v a l s  o f  th e  p io n s ,  d e t e c te d  by th e  1234 sy s tem , a t  
c r e a t i o n  w i t h i n  th e  l i q u i d  hydrogen  t a r g e t .
7?
The d i f f e r e n t i a l  c r o s s  s e c t i o n  f o r  th e  pho to  
p ro d u c t io n  o f p io n s  was c a l c u l a t e d  u s in g  .
By t h i s  means t h r e e  a b s o lu te  d i f f e r e n t i a l  c r o s s  s e c t i o n s  
a t  mean gamma ra y  e n e r g i e s  o f  171*5, 191*0 and 200*6 
MeV were o b ta in e d  u s in g  th e  1234 d a ta*  The mean o f th e  
two c o u n t in g  r a t e s  observed  i n  th e  two energy  i n t e r v a l s  
i n  th e  123* system  was ta k e n  and n o rm a l is e d  to  th e  now 
known c r o s s  s e c t io n  a t  th e  a p p r o p r i a t e  gamma r a y  energy  
(o b ta in e d  from  i n t e r p o l a t i o n  o f  th e  r e s u l t s  from th e  
1234 s y s te m )* T h is  n o r m a l i s a t i o n  se rv e d  to  g iv e  an 
a b s o lu te  d i f f e r e n t i a l  c r o s s  s e c t i o n  a t  162 MeV o f  gamma 
ra y  f o r  th e  lo w e s t  energy  i n t e r v a l .  T able  f  shows 
th e  c r o s s  s e c t i o n s  o b ta in e d  i n  th e  above m anner. The 
e r r o r s  quo ted  i n  Table f  a r e  th e  s t a t i s t i c a l  s ta n d a rd  
d e v i a t i o n s  compounded w i th  th e  r e l a t i v e  u n c e r t a i n t i e s  
o f  th e  c o r r e c t i o n  f a c t o r s  w hich were a p p l ie d  t o  th e  
p io n  c o u n t in g  r a t e s  i n  th e  d i f f e r e n t  ene rg y  i n t e r v a l s .  
T h is  p ro c e d u re  was ad op ted  to  show c l e a r l y  th e  o bserved  
t r e n d  w i th  ene rgy  of th e  d i f f e r e n t i a l  c r o s s  s e c t i o n .
The a b s o lu te  v a lu e s  must be t a k e n  w i th  a  l a r g e r  
u n c e r t a i n t y  t o  ta k e  i n t o  a c c o u n t  th e  e r r o r s  p r e s e n t  i n  
th e  d e te r m in a t io n  of th e  s o l i d  a n g le  o f  d e t e c t i o n ,  th e  
maximum pho ton  en e rg y ,  th e  c a l i b r a t i o n  o f th e  beam 
i n t e n s i t y  m o n ito r  and a b s o lu te  e r r o r s  i n  th e  c o r r e c t i o n s
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Table  5, Hydrogen E xperim en t R e s u l t s .
1 2 3 4 5 6
162 71 5 .930 .83
5 .9 9
0 .8 5 0 .272
2 2 .1
3 .1
171.5 66 6 .920 .7 4
7 .3 0
0 .77 0 .392
1 8 .7
1 .9
191 64 8 .030 .43
9 .14
0 .46 0 .595
15 .3
0 .9
200 .6 65 .5 9 .030 .55
1 0 .5 1
0 .6 0 0 .682
15 .3
1 .0
1) Mean gamma r a y  e n e rg y .
2) C en tre  of mass system  a n g le  a t  w hich p io n  
was e m i t te d .
3) D i f f e r e n t i a l  c r o s s  s e c t i o n s  f o r  
p r o d u c t io n .
4) 3) t ra n s fo rm e d  to  90 d e g re e s  i n  c .m .s .
5) V a lu es  o f  k in e m a t ic a l  f a c t o r ,  W.
6) a^  c o e f f i c i e n t  o b ta in e d  from  4) and 5 )•
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made t o  th e  c o u n tin g  r a t e s .  One m igh t e s t im a te  
t h e s e  a s  f o l lo w s :
S o l id  an g le  o f  d e t e c t i o n  3^
Energy i n t e r v a l  o f  d e t e c t i o n  55^
Maximum pho ton  energy  1^
C a l i b r a t i o n  o f beam m o n ito r  
U n c e r t a i n t i e s  i n  th e  c o r r e c t i o n s  3^
Thus th e  a b s o lu t e  v a lu e s  o f th e  c r o s s  s e c t i o n s  a r e  
u n c e r t a i n  by a f u r t h e r  8)^.
To make a com parison  o f  th e  r e s u l t s  o b ta in e d  in  
t h i s  e x p e r im e n t w i th  th e  p r e d i c t i o n s  of d i s p e r s i o n  
r e l a t i o n s  and a l s o  p re v io u s  e x p e r im e n ta l  r e s u l t s ,  th e  
c ro s s  s e c t i o n s  a t  th e  c .m . s .  a n g le s  shown i n  T ab le  5" 
must be t ra n s fo rm e d  t o  90° i n  th e  c .m . s .  T h is  was 
perfo rm ed  u s in g  th e  e x p e r im e n ta l ly  d e te rm in ed  c o e f f i c i e n t s  
^0 ^1 ^2 ( s o l i d  c u rv e s  o f f i g u r e s  7 ^ 9  ) o f
B eneventano  e t .  a l .  (1 9 5 6 ) .  The p e r c e n ta g e  change i n  
th e  c r o s s  s e c t i o n  betw een  th e  p r e s e n t  c .m .s .  a n g le s  and 
90° c .m . was found t o  ran g e  from  ifo a t  th e  lo w e s t  energy  
t o  16^ a t  20 0 .6  MeV o f gamma r a y .
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The s l i g h t  u n c e r t a i n t y  i n  t h i s  p ro c e s s  was compounded 
i n t o  th e  new c r o s s  s e c t io n s *  I t  sh o u ld  be rem arked 
h e re  t h a t  a l th o u g h  th e  p r e s e n t  r e s u l t s  show a d e f i n i t e  
d is a g re e m e n t  w i th  th e  a b s o lu te  v a lu e s  o f  th e  c r o s s  
s e c t i o n s  found by B eneventano  e t .  a l .  (l9S6) a t  t h e i r  
lo w e s t  ene rgy  ( 170 MeV), th e  a n g u la r  d i s t r i b u t i o n  
c o r r e c t i o n  w hich  we have d e r iv e d  from  t h e i r  r e s u l t s  i s  
so sm a l l  a t  t h i s  en e rg y ,  t h a t  no s e r i o u s
s y s te m a t i c  e r r o r  can r e s u l t .  The v a lu e s  th u s  found 
f o r  t h e  a b s o lu t e  d i f f e r e n t i a l  c r o s s  s e c t i o n s  a t  
90^ c .m . s .  a r e  shown i n  column f o u r  of T ab le  ^  .
I n  o r d e r  t o o b t a i n  th e  sq u a re  o f  t h e  m a tr ix  
e lem en t f o r  t h e  p r o c e s s  (a^) i t  i s  n e c e s s a r y  t o  o b ta in  
th e  mean v a lu e s  o f  W (se e  C h ap te r  11) f o r  each  o f  th e  
energy  i n t e r v a l s  o f  i n t e r e s t .  U sing th e  m ost a c c u r a t e  
v a l u e s  o f t h e  p io n  r e s t  mass (Crowe 1 9 5 7 ) ,  W was 
c a l c u l a t e d  a s  a  f u n c t i o n  of e n e rg y .  Prom a  cu rve  o f 
W a g a i n s t  Eÿ th e  mean v a lu e s  o f  W o v e r  th e  a p p r o p r i a t e  
ene rgy  i n t e r v a l s  were o b ta in e d  and a r e  shown i n  column 
f i v e  o f  T ab le  S' * In  th e  n e x t  column v a lu e s  o f  a^ 
a r e  l i s t e d  a s  o b ta in e d  by d i v i s i o n  o f  columns f o u r  by 
f i v e .
F ig u re  SO shows th e  v a lu e s  o f a^ p l o t t e d  a s  a  
f u n c t i o n  o f  gamma ra y  e n e rg y .  The s o l i d  cu rve  i s  th e
p r e d i c t i o n  o f  Chew e t .  a l .  (1957) who u sed  th e  f i x e d  
momentum t r a n s f e r  d i s p e r s i o n  r e l a t i o n  and th e  dominance 
o f th e  ( ^  , ^  ) p io n  n u c le o n  i n t e r a c t i o n .  I n  t h e i r
n u m e r ic a l  e v a lu a t io n  i t  h a s  been  assumed t h a t
2 2 f  = 0 . 0 8 ,  where f  i s  t h e  r e n o rm a l iz e d  p io n  n u c le o n
c o u p l in g  c o n s t a n t ,  and t h a t  t h e  te rm  i s  z e ro
( B e m a r d in i  1959) . The two dashed  c u rv e s  r e p r e s e n t  a
6fo u n c e r t a i n t y  b o th  i n  th e  t h e o r e t i c a l  p r e d i c t i o n  and
a l s o  i n  th e  a b s o lu t e  v a lu e s  o f  th e  e x p e r im e n ta l  r e s u l t s .
I t  i s  c l e a r  t h a t  good agreem en t i s  o b ta in e d  w ith  
th e  t h e o r e t i c a l  p r e d i c t i o n ,  b o th  w i th  r e s p e c t  I d  a b s o lu t e  
m agnitude  and a l s o  energy  dependence o f  th e  sq u a re  of 
th e  m a t r ix  e lem en t f o r  th e  p h o to p ro d u c t io n  o f mesons 
from  hydrogen  a t  90 d e g re e s  i n  t h e  c e n t r e  o f  mass 
sy s tem . I t  sh o u ld  be p o in te d  o u t ,  t h a t  t h i s  i s  th e  
f i r s t  e x p e r im e n ta l  ev id en ce  w h ich , by i t s e l f ,  shows 
c l e a r l y  th e  non l i n e a r  b e h a v io u r  o f  a^  a s  t h r e s h o l d  
i s  a p p ro a c h e d .
Chapter VI
D e te rm in a t io n  o f  th e  Energy Spectrum  
o f  th e  B re m ss tra h lu n g  Beam.
(a) I n t r o d u c t i o n .
The d e t e r m in a t io n  of p ho to n  c r o s s  s e c t i o n s  from  
a c t i v a t i o n  m easurem ents  u s in g  th e  b re m s s t ra h lu n g  from  
h ig h  energy  a c c e l e r a t o r s  i s  a  w e l l  known te c h n iq u e  i n  
n u c l e a r  p h y s i c s .  In  o rd e r  t o  a v o id  s y s te m a t ic  e r r o r s  
i n  th e  d e r iv e d  p ho ton  c r o s s  s e c t i o n s  two t h i n g s  m ust 
be known ab o u t th e  gamma ra y  beam. These a r e  a) an  
a b s o lu t e  m easure o f  th e  t o t a l  ene rgy  i n  th e  beam and 
b) an a c c u r a t e  knowledge o f  th e  b re m s s tra h lu n g  sp e c tru m .
i )  A b so lu te  M o n i to r .
To d a te  th e  most w id e ly  u sed  m o n ito r  f o r  pho ton  
beams up t o  a peack  energy  o f  500 MeV h a s  been  th e  
i o n i z a t i o n  chamber deve loped  a t  C o r n e l l .  A d e s c r i p t i o n  
o f  t h i s  chamber h a s  been g iv e n  i n  a  C o rn e l l  U n iv e r s i t y  
p r o g r e s s  r e p o r t  (W ilson 1 9 5 2 ) .  An e x a c t  copy o f  t h i s  
chamber h a s  b een  c o n s t r u c te d  a t  Glasgow and i s  u sed  t o  
m o n ito r  th e  320 MeV gamma beam. The chamber i s  
c o n s t r u c te d  w i th  one in c h  co p p e r  w a l l s ,  which t h i c k n e s s  
i s  such t h a t  th e  cha rge  c o l l e c t e d  i s  l a r g e l y  due t o
i o n i z a t i o n  by e l e c t r o n s  o f  a  shower n e a r  th e  shower 
maximum f o r  a l a r g e  ran g e  o f e n e r g i e s .  S in ce  th e  
number o f  e l e c t r o n s  a t  th e  shower maximum p e r  i n c i d e n t  
pho ton  i s  ro u g h ly  p r o p o r t i o n a l  to  th e  pho ton  en e rg y  th e  
charge  c o l l e c t e d  i s  ro u g h ly  p r o p o r t i o n a l  t o  t h e  t o t a l  
energy  i n  th e  beam. Thus t o  a  rough a p p ro x im a t io n ,  th e  
s e n s i t i v i t y  o f t h e  chamber when e x p re s s e d  i n  u n i t s  o f 
MeV /  coulomb i s  in d e p e n d e n t  o f  pho ton  e n e rg y .  A 
number o f w o rk e rs  ( Dixon e t .  a l .  1956 , L o e f f l e r  e t .  a l .  
1959» Oakley e t .  a l . 1955) have  r e p o r t e d  c a l i b r a t i o n s  o f  
chambers o f  t h i s  d e s ig n  a t  e n e r g ie s  i n  th e  ra n g e  50 -  
500 MeV. Agreement h a s  been  o b ta in e d  i n  th e  a b s o l u t e  
r e sp o n se  o f  th e  chamber t o  an ac c u ra c y  o f  5?^  and 
a l s o  i n  i t s  dependence on p ho to n  e n e rg y .
i i )  Shape of th e  B re m ss tra h lu n g  S p ec trum .
In  th e  Glasgow s y n c h ro tro n  th e  c i r c u l a t i n g  e l e c t r o n  
beam i s  a llo w ed  t o  s t r i k e  a 0 .0 6  in c h  d ia m e te r  tu n g s t e n  
w i r e .  T h is  c o r re s p o n d s  t o  ab o u t one t e n t h  o f a  
r a d i a t i o n  l e n g t h .  As th e  r a d i o  f re q u e n c y  power i n  th e  
s y n c h ro t ro n  i s  tu rn e d  o f f  s lo w ly ,  th e  e l e c t r o n  beam 
s p i r a l s  inw ards  and b e g in s  t o  t r a v e r s e  th e  edge o f  th e  
tu n g s te n  w ire  whose a x i s  i s  v e r t i c a l  and a t  r i g h t  a n g le s  
to  th e  e l e c t r o n  beam d i r e c t i o n .  I f  an  e l e c t r o n  do es  
n o t  b re m s s t r a h lu n g  in  i t s  f i r s t  t r a v e r s a l  o f  th e  t a r g e t
SS-
i t  may do so a t  a  l a t e r  t im e a s  th e  norm al i o n i z a t i o n  
l o s s  of th e  e l e c t r o n  i n  th e  t a r g e t  i s  n o t  s u f f i c i e n t  
t o  u p s e t  th e  e l e c t r o n  o r b i t  s e r i o u s l y .  Thus t h e  
p r e c i s e  e f f e c t i v e  t a r g e t  t h i c k n e s s  i s  n o t  known a s  i t  
depends c r i t i c a l l y  on th e  number of " m u l t ip l e  
t r a v e r s a l s "  o f th e  t a r g e t .  The r o o t  mean sq^uare a n g le  
o f  m u l t i p l e  s c a t t e r i n g  o f  a  320 MeV e l e c t r o n  i n  0 .0 6  
in c h  o f tu n g s te n  i s  g r e a t e r  th a n  th e  c h a r a c t e r i s t i c  
an g le  o f b re m s s tra h lu n g  which i s  I / 64O r a d i a n s ,
i . e .  ^  1 /1 0  d e g r e e .  Thus th e  a n g u la r  i n t e n s i t y  o f  
th e  e m it te d  b re m s s tra h lu n g  depends m ain ly  on th e  m u l t i p l e  
s c a t t e r i n g  o f  th e  e l e c t r o n s  i n  t h e  t a r g e t .  As i s  seen  
i n  f i g u r e  >^ 3 , a  0 .25  in c h  l e a d  c o l l im a to r  i s  p la c e d  
125 cm. away from th e  t a r g e t  and t h e r e f o r e  s e l e c t s  on ly  
th e  b re m s s t ra h lu n g  i n  an a n g u la r  i n t e r v a l  o f  1 /5 0 0  
r a d i a n .  Thus th e  b re m s s t ra h lu n g  which p a s s e s  th ro u g h  
th e  c o l l im a t o r  i s  p re d o m in e n tly  p roduced  i n  th e  f i r s t  
few th o u s a n d th s  o f  an  in c h  i n  th e  tu n g s te n  t a r g e t .
There have been  v a r io u s  t h e o r e t i c a l  a t t e m p ts  ( S i r l i n  
1957 and H is d a l )  t o  c a l c u l a t e  th e  s p e c t r a l  shape o f  th e  
b re m s s tra h lu n g  a s  a  f r a c t i o n  o f  t a r g e t  t h i c k n e s s  and 
a n g le  o f em iss io n  o f  th e  b r e m s s t r a h lu n g .  These 
c a l c u l a t i o n s  i n d i c a t e  t h a t  w i th  th e  c o l l im a t io n  u sed  i n  
th e  Glasgow sy n c h ro tro n  t h a t  t h e  shape  o f  th e  spec trum
of gamma r a y s  shou ld  he th e  same a s  t h a t  g iv e n  by th e  
S c h i f f  " i n f i n i t e l y  t h i n  t a r g e t "  sp ec trum  i n t e g r a t e d  o v er  
a l l  a i g l e s  t o  an a c c u ra c y  o f  ^  3^ a t  a l l  e n e r g i e s .  To 
v e r i f y  th e s e  c a l c u l a t i o n s  a  h ig h  r e s o l u t i o n  p a i r  
s p e c t r o m e te r  h a s  been  used  to  d e te rm in e  th e  ene rgy  
spec trum  o f  th e  b re m s s t ra h lu n g  beam, 
b) The P a i r  S p e c tro m e te r .
The p a i r  s p e c t ro m e te r  c o n s i s t s  e s s e n t i a l l y  o f  th e  
fo l lo w in g  p a r t s :
i )  M agnet, f o r  d e f l e c t i o n  o f  th e  e l e c t r o n  p o s i t i o n  p a i r ;
i i )  C o n v e r te r ,  i n  which th e  i n c i d e n t  gamma ra y  beam may 
produce an e l e c t r o n  p o s i t r o n  p a i r .
i i i )  S c i n t i l l a t i o n  c o u n te r s  and a s s o c i a t e d  e l e c t r o n i c s  
f o r  th e  d e t e c t i o n  o f  th e  e l e c t r o n  p o s i t r o n  p a i r .
i )  D e s c r i p t i o n  o f  th e  Magnet and Vacuum Box.
The e le c t ro -m a g n e t  i s  o f  c o n v e n t io n a l  d e s ig n  and 
p ro v id e s  a  f i e l d  of up to  10 ,6 0 0  g a u s s .  T h is  f i e l d  i s  
s u f f i c i e n t  to  m easure gamma ra y  e n e r g i e s  up t o  320 MeV.
A magnet c u r r e n t  o f 100 Am ps., i s  r e q u i r e d  and t h i s  i s  
s u p p l ie d  by a D.G. g e n e r a t o r .  The c u r r e n t  i s  c o n t r o l l e d  
m anually  to  an a c c u ra c y  of 0 .2 ^ .
The vacuum chamber o f  th e  s p e c t r o m e te r  c o n s i s t e d  of 
a  c i r c u l a r  b r a s s  c y l i n d e r  12 in c h e s  i n  d ia m e te r  and 3 
in c h e s  lo n g  w ith  c i r c u l a r  end p l a t e s  0 .5  in c h e s  t h i c k ,
nThe gamma r a y  beam p assed  th ro u g h  two 2 in c h  d ia m e te r  
m ylar cove red  p o r t  h o l e s  i n  th e  s id e  o f  t h e  b r a s s  
c y l i n d e r .  S i m i l a r l y ,  e l e c t r o n  p o s i t r o n  p a i r s  which 
a r e  d e t e c t e d ,  emerged from  th e  vacuum chamber v i a  two 
2 in c h  d ia m e te r  m y lar  covered  p o r t  h o l e s  sy m m e tr ic a l ly  
p la c e d  w i th  r e s p e c t  t o  th e  beam a x i s .
A p la n  v iew  of th e  magnet p o le  f a c e  i s  shown i n  
f i g u r e  3/ . The d i s p e r s i o n  of th e  magnet i s  d e f in e d  a s
' - §
where dp i s  t h e  d i f f e r e n c e  i n  momentum o f a p a r t i c l e  
which i s  d i s t a n t  dx p e r p e n d ic u la r  t o  t h e  t r a j e c t o r y  o f  
a p a r t i c l e  o f  momentum p .  As i n d i c a t e d  i n  f i g u r e  3 / ,
r  i s  th e  r a d i u s  o f  c u r v a tu re  of t h e  t r a j e c t o r y ,  i s  
th e  an g le  o f  d e f l e c t i o n ,  c?C i s  th e  a n g le  t h a t  t h e  
t r a j e c t o r y  makes w i th  th e  norm al t o  th e  m agnet p o le  f a c e ,  
and ^  i s  th e  d i s t a n c e  o f  th e  c o u n te r  from  th e  edge o f  
th e  p o le  f a c e .  I t  can be shown t h a t ,  (Sona 1958)
D = ^  |P r (  1 -  cos  ^ )  ( 1 + tanoC) + / s i n  ( 55  )
we have
r  46 cms.
<j) = 30°
^  65*2 cms.
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and we o b t a i n
^  ^  /  dx = 2.555^ /  om.
The s c i n t i l l a t i o n  c o u n te r s  were 1 .2 7  cms. wide so t h a t  
th e  r e s u l t i n g  r e s o l u t i o n  (R) w as,
R = ^  2 .5 5  X 1 .2 7
= 3 .24^
T h is  v a lu e  f o r  th e  r e s o l u t i o n  a g reed  w i th in  w i th
m easurem ents  perfo rm ed  w ith  th e  f l o a t i n g  w ire  te c h n iq u e  
(a . C o c k ro f t  -  p r i v a t e  co m m u n ica tio n )•
The t h e o r e t i c a l  r e s o l u t i o n  may he a f f e c t e d  by 
v a r io u s  o th e r  f a c t o r s  such a s :
1) The f i n i t e  a n g le s  betw een  th e  pho ton  and th e  e l e c t r o n  
and p o s i t r o n .
2) R a d ia t i o n  by th e  e l e c t r o n  and p o s i t r o n  i n  th e  
c o n v e r t e r .
5) E f f e c t  o f  th e  s p re a d in g  o u t  i n  t im e  o f  th e  gamma
ra y  beam on th e  av e rag e  peak  energy  o f  t h e  beam.
4) Edge e f f e c t s  o f  th e  s c i n t i l l a t i o n  c o u n te r s .
5) M u l t ip l e  s c a t t e r i n g  of th e  em ergent p a r t i c l e s  i n  
th e  c o n v e r t e r .
6) S c a t t e r i n g  i n t o  th e  d e t e c t o r  system  of p a r t i c l e s  which
would o th e rw is e  n o t  have been  c o u n te d ,  f o r  example
from  th e  vacuum box .
The f i r s t  f o u r  o f  th e s e  e f f e c t s  were e s t im a te d  and 
found to  be i n d i v i d u a l l y  u n a b le  t o  change th e  r e s o l u t i o n  
by more th a n  1 ^ .  E f f e c t s  5) and 6) w i l l  be  d i s c u s s e d  
l a t e r .
i i )  C o n v e r te r  and D e te c t io n  i^ystem.
The c o n v e r t e r  u sed  was a  0 .002  in c h  t h i c k  f o i l  
o f  a lum in ium , whose a r e a  was g r e a t e r  th a n  t h a t  o f  th e  
c o l l im a te d  gamma beam. There i s  no p a r t i c u l a r  m e r i t  
i n  t h e  c h o ic e  o f a lum inium  a s  c o n v e r te r  o t h e r  th a n  th e  
f a c t  t h a t  t h e  B om  a p p ro x im a tio n  used  i n  th e  t h e o r e t i c a l  
i n t e r p r e t a t i o n  i s  more v a l i d  f o r  a  m a t e r i a l  w i th  a  low 
a to m ic  num ber. The t h i n n e s t  f o i l  c o n s i s t e n t  w ith  
r e a s o n a b le  c o u n t in g  r a t e s  t e n d s  to  m inim ize th e  e f f e c t s  
o f  m u l t i p l e  s c a t t e r i n g  of th e  p a r t i c l e s  i n  th e  c o n v e r t e r
B oth  p o s i t r o n  and e l e c t r o n  were d e f l e c t e d  th ro u g h  
30  d e g re e s  and d e te c te d  i n  s c i n t i l l a t i o n  c o u n te r s  which 
c o n s i s t e d  of p l a s t i c  s c i n t i l l a t o r s ,  ty p e  N .E . 101, 
p e r s p e x  l i g h t g u i d e s  and R .C .A . 6810 p h o t o - m u l t i p l i e r s .  
The d im en s io n s  of th e  s c i n t i l l a t o r s  were 3 i n c h e s  h ig h ,  
0 .5  in c h e s  wide and 0 .25  in c h e s  t h i c k .  E f f e c t s  such  
a s  1) and 5) of th e  p re v io u s  s e c t i o n  were m in im ized  i n  
th e  v e r t i c a l  p lan e  by h av in g  th e  c o u n te r s  3 in c h e s  h ig h  
w h ereas  th e  d ia m e te r  of th e  gamma ra y  beam a t  th e  
c o n v e r t e r  was on ly  1 i n c h .  The w id th  o f  t h e
s c i n t i l l a t o r s  was chosen  i n  c o n ju n c t io n  w i th  th e  
d i s p e r s i o n  o f  th e  m agnet, so a s  to  g iv e  an  o v e r a l l  
r e s o l u t i o n  o f  th e  o rd e r  of 5^ a s  d e s c r ib e d  e a r l i e r .  To 
m inim ize edge e f f e c t s ,  such a s  e l e c t r o n s  n o t  t r a v e r s i n g  
th e  f u l l  t h i c k n e s s  of th e  s c i n t i l l a t o r ,  i t s  t h i c k n e s s  
was k e p t  a s  l i t t l e  a s  was c o n s i s t e n t  w i th  p ro v id in g  
enough l i g h t  o u tp u t  f o r  100^ e f f i c i e n c y  i n  th e  o p e r a t io n  
o f th e  c o in c id e n c e  c i r c u i t s .
The p h o to tu b e s  were m a g n e t i c a l ly  s h ie ld e d  byyfc 
m e ta l  and s o f t  i r o n  c y l i n d e r s .  I t  was found to  be 
co n v e n ie n t  t o  mount th e  p h o to tu b e s  v e r t i c a l l y  and view  
th e  p l a s t i c  s c i n t i l l a t o r s  from  t h e i r  0 .5  in c h  by 0 .25  
in c h  b a s e s .
To re c o rd  c o in c id e n c e s  be tw een  th e  two c o u n te r s  a 
f a s t  c o in c id e n c e  c i r c u i t ,  w ith  a r e s o lv in g  tim e e q u a l  t o  
9 n a n o s e c o n d s  was u s e d .  The slow o u tp u t  o f  t h i s  u n i t  
o p e ra te d  a  s c a l a r .  In  o p e r a t in g  a  one ch a n n e l  p a i r  
s p e c t ro m e te r  a t  f a i r l y  h ig h  r e s o l u t i o n  i t  i s  im p o r ta n t  
t h a t  a  s im u lta n e o u s  m easurem ent of th e  random 
c o in c id e n c e  r a t e  sh o u ld  be made. The r e a s o n  f o r  t h i s  
i s  t h a t  th e  r a t i o  o f  s in g le  c o u n ts  i n  e i t h e r  of th e  
c o u n te r s  to  th e  t r u e  p a i r  c o u n t in g  r a t e  i s  a p p ro x im a te ly  
i n v e r s e ly  p r o p o r t i o n a l  to  th e  r e s o l u t i o n .  As a  
con sequen ce , th e  random c o in c id e n c e  r a t e  i s  n o t
9/
n e g l i g i b l e . I n  t h i s  e x p e r im e n t  th e  random c o in c id e n c e  
r a t e  was c o n t i n u a l l y  m o n ito red  by t a k in g  d e lay e d  
c o in c id e n c e s  betw een  th e  e l e c t r o n  c o u n te r  and th e  
p o s i t r o n  c o u n te r .  The c o in c id e n c e  u n i t  u sed  was 
i d e n t i c a l  t o  th e  one u sed  i n  m easu r ing  t r u e  c o in c id e n c e s .  
T y p ic a l  random c o in c id e n c e  c o u n t in g  r a t e s  were of t h e  
o rd e r  of 10^ of th e  t r u e  c o in c id e n c e s .
(c) E x p e r im e n ta l  P ro c e d u re .
The g e n e ra l  a rran g em en t o f  th e  gamma ra y  beam and 
s p e c t r o m e te r  h a s  been  d e s c r ib e d  e a r l i e r .  D u ring  th e  
a l l o t e d  tim e  f o r  th e  e x p e r im e n t ,  th e  s y n c h ro t ro n
o
o p e ra te d  a t  ab o u t 7 x  10 e q u iv a l e n t  q u a n ta  p e r  m in u te .
V/ith th e  u se  o f  e l e c t r o n  s c a t t e r i n g  p h o to g ra p h s  th e  
s p e c t r o m e te r  was a l ig n e d  r e l a t i v e  t o  th e  gamma beam.
A r e a s o n a b le  c o u n t in g  r a t e  was o b ta in e d  by a d j u s t i n g  th e  
c u r r e n t  i n  th e  m agnet c o i l s  u n t i l  p a i r s  from 100 MeV 
q u a n ta  w ere b e in g  co u n te d . The v o l t a g e s  on t h e  two 
p h o t o m u l t i p l i e r s  were a d j u s t e d  u n t i l  th e y  gave 
a p p ro x im a te ly  e q u a l  s iz e d  p u l s e  h e i g h t s  from f a s t  
e l e c t r o n s .  The c o in c id e n c e  r a t e  was th e n  m easured  a s  
a  f u n c t i o n  o f  th e  v o l t a g e  on each  o f t h e  c o u n te r s .  A 
w e l l  d e f in e d  p l a t e a u  was o b ta in e d  i n  each  c a s e . The 
p o t e n t io m e te r s  w ere s e t  so t h a t  th e  o p e r a t in g  p o s i t i o n  
was w e l l  on to  th e  p l a t e a u .
9A
N ex t,  th e  v a r i a t i o n  of c o u n t in g  r a t e  a s  a  f u n c t i o n  
o f th e  r e l a t i v e  d e la y  i n  th e  t r a n s i t  t im e s  o f  t h e  p u l s e s  
from th e  two c o u n te r s  t o  th e  c o in c id e n c e  u n i t  was 
m easu red . The c o in c id e n c e  r e s o l v in g  t im e ,  a s  g iv e n  
by th e  f u l l  w id th  a t  h a l f  h e i g h t  o f  th e  r e s o l v i n g  cu rve  
was found  t o  be 9 n a n o se c o n d s .  The r e a l  and random 
c o in c id e n c e  u n i t s  were in te rc h a n g e d  and i t  was v e r i f i e d  
t h a t  th e y  had i d e n t i c a l  r e s o l v i n g  t im e s  to  w i t h i n  1 
n an o seco n d . The a p p a r a tu s  was th e n  a d ju s t e d  so t h a t  
r e a l  and random c o in c id e n c e s  were co un ted  s im u l ta n e o u s ly  
w ith  z e ro  r e l a t i v e  d e la y  f o r  p u l s e s  a r r i v i n g  a t  th e  
r e a l  c o in c id e n c e  u n i t  and 26 n an o seco n d s  r e l a t i v e  d e la y  
f o r  p u l s e s  a r r i v i n g  a t  t h e  random c o in c id e n c e  u n i t .
To i n v e s t i g a t e  th e  e f f e c t  o f  e l e c t r o n  s c a t t e r i n g  
i n  t h e  vacuum chamber and s u b s e q u e n t ly  b e in g  c o u n te d ,  
a  le a d  s c re e n  was e r e c te d  a round  th e  chamber so t h a t  
e l e c t r o n s  which were d e t e c t e d ,  d e f i n i t e l y  came o u t  o f 
th e  m y la r  covered  p o r t  h o l e s  i n  th e  cham ber. When 
t h i s  was done i t  was found t h a t  t h e  c o u n t in g  r a t e  was 
red uced  by a b o u t  50?^, i n d i c a t i n g  t h a t  t h i s  co u ld  have  
been a  s e r i o u s  so u rce  of e r r o r .  There rem ained  th e  
p o s s i b i l i t y  t h a t  a p p r e c ia b le  num bers o f  e l e c t r o n s  were 
s c a t t e r i n g  from  th e  s i d e s  o f  th e  l e a d  s l i t s  a t  t h e  p o r t  
h o l e s .  The c o in c id e n c e  r a t e  from  t h i s  so u rce  was
?3
found by p l a c i n  g a  t h i n  s l a b  o f l e a d  i n  th e  c e n t r e  o f 
one o f  th e  2 .5  in c h  wide s l i t s  i n  th e  l e a d  s c r e e n .
The p u rpose  o f  t h i s  was t o  e l im in a te  t h e  t r u e  p a i r  
c o u n tin g  r a t e  b u t  s t i l l  a l lo w  th e  s c a t t e r e d  e l e c t r o n  
c o n t r i b u t i o n  to  c o u n t .  I t  was found t h a t  th e  c o in ­
c id en ce  r a t e  was noiy 10^  o f  t h e  t r u e  r a t e  and t h a t  
v a r i a t i o n  o f th e  th i c k n e s s  o f  the  s la b  from  0 .25  
in c h e s  t o  0 .75  in c h e s  d id  n o t  a f f e c t  th e  f i g u r e  o f  10 !^ .^ 
This gave c o n s id e r a b le  w e ig h t  to  th e  b e l i e f  t h a t  th e  
c o in c id e n c e  r a t e  was now 90^ due t o  e l e c t r o n s  which 
l e f t  th e  vacuum chamber v i a  th e  p o r t  h o l e s  and d id  n o t  
s c a t t e r  b e f o re  re a c h in g  th e  c o u n te r s .  The system  was 
now c o n s id e re d  t o  be read y  t o  i n v e s t i g a t e  th e  shape o f 
th e  b re m s s t ra h lu n g  energy  spec trum  from  th e  sy n c h ro tro n  
A s e r i e s  o f  ru n s  were made a t  a sequence o f  v a lu e s  
of th e  m ag n e tic  f i e l d  t o  c o v e r  th e  e n t i r e  energy  
spec trum  of th e  b re m s s t ra h lu n g  beam. The random 
c o in c id e n c e  r a t e  was n o t  g r e a t e r  th a n  ab o u t 10^ o f  th e  
t r u e  r a t e  e x c e p t  a t  v e ry  low ( <  100 MeV o f gamma ra y )  
e n e r g i e s .  F o r t h e  same v a lu e s  o f m ag n e tic  f i e l d ,  th e  
ru n s  were r e p e a t e d ,  b u t  t h i s  t im e th e  le a d  s la b  was i n  
th e  c e n t r e  of one o f  the  s l i t s .  The energy  sp ec tru m  
of t h i s  c o n t r i b u t i o n  was found to  be  q u i t e  f l a t .  When
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th e  s l a b  was p la c e d  i n  th e  c e n t r e  o f  th e  o th e r  s l i t  a  
v e ry  s i m i l a r  r e s u l t  was o b ta in e d .  F i n a l l y  th e  ru n s  
were r e p e a te d  w i th o u t  th e  le ad s la b  and a l s o  w i th o u t  
th e  alum inium  c o n v e r te r  b e in g  i n  p la c e  i n  th e  vacuum 
cham ber. T h is  background c o u n t in g  r a t e  amounted t o  
ab o u t 1.5?^ o f  th e  t r u e  r a t e  and was ro u g h ly  in d e p e n d e n t  
o f  e n e rg y .
The whole p ro c ed u re  was r e p e a te d  and i t  was 
v e r i f i e d  t h a t  th e  r e s u l t s  were r e p r o d u c ib l e .
d) A n a ly s i s  and R e s u l t s .
An i d e a l  e l e c t r o n - p o s i t r o n  p a i r  s p e c t r o m e te r  sam ples  
one r e g io n ,  A k ,  o f  th e  gamma ra y  spec trum  and g iv e s  a  
t o t a l  number o f  c o u n ts  p r o p o r t i o n a l  t o  t h e  number o f 
p h o to n s  betw een  k and k + A k .  The number o f  p a i r s  
c o u n te d ,  K, when th e  c o n v e r t e r  i s  bombarded w i th  Q 
e q u iv a l e n t  q u a n ta  w i l l  be g iv e n  by
N = Q j Ï  ^  + (k ,  B^) . ^  (k,  ) dkdE^
p
where i s  th e  t a r g e t  t h i c k n e s s  i n  atom s /  cm . ,
^ ( k ,  i s  th e  d i f f e r e n t i a l  p o s i t r o n  c r o s s  s e c t i o n ,
^ ( k ,  k^) i s  th e  b r e m s s t r a h lu n g  sp ec tru m . 
E x p e r im e n ta l ly ,  one m easu res  th e  number o f  p a i r s  N p e r  
e q u iv a l e n t  quantum . The v a r i a t i o n  o f th e  d i f f e r e n t i a l
p o s i t r o n  c r o s s  s e c t io n  ^  (k , E^) a s  a  f u n c t i o n  o f  
pho ton  ene rg y  was o b ta in e d  a f t e r  s u i t a b l e  i n t e r p o l a t i o n  
from  th e  c u rv e s  g iv e n  i n  R o s s i ’ s book on h ig h  en e rg y  
p h y s i c s .  Thus i t  i s  p o s s ib l e  t o  c a l c u l a t e  th e  en e rg y  
spec trum  o f  th e  b re m ss tra h lu n g  beam.
A l l  th e  n u m b erica l  d a t a  i s  p r e s e n te d  i n  T able  6 
The f i g u r e s  i n  th e  l a s t  column have been  o b ta in e d  by 
d iv id in g  th e  n e t t  c o in c id e n c e  c o u n t in g  r a t e  by a  number 
p r o p o r t i o n a l  t o  th e  p a i r  c r o s s  s e c t i o n  a t  each  e n e rg y .  
Thus th e  num bers i n  th e  l a s t  column a r e  p r o p o r t i o n a l  t o  
th e  number o f  q u an ta  i n  th e  r e s o l u t i o n  b in  w id th  a rou nd  
each  e n e rg y .  These r e s u l t s  a r e  shown p l o t t e d  i n  
f i g u r e 3 5  , where th e  o r d in a t e  s c a l e  i s  i n  th e  u s u a l  
u n i t s  such t h a t
j  k . ^  (k , ko) dk = ko
'0
The s o l i d  curve  i s  th e  t h e o r e t i c a l  S c h i f f  
b re m s s t ra h lu n g  sp ec tru m , c a l c u l a t e d  f o r  a  t a r g e t  o f  
n e g l i g i b l e  th ic k n e s s *  T h is  cu rve  h a s  been  n o rm a liz e d  
t o  th e  e x p e r im e n ta l  d a t a  a t  200 MeV. The r e s o l u t i o n  
o f  the  s p e c t r o m e te r  a t  300 MeV i s  shown by th e  t r i a n g l e  
whose b a se  w id th  i s  3*2^ i . e . ,  9*6 MeV a t  300 MeV o f 
gamma r a y .
yo<L 
T ablé 6 .
E xperim ental Data o f  P a ir  S pectrom eter  Experiment
(1 ) (2 ) (3 )  ' (4) (5 )
20 1 0 .0  ± 1 .3 5 . 0  i  1 . 0 5 . 0  ± 1 .5 7 .6  ± 2 . 0
44 3 0 .1  ± 1 . 0 4 . 5  ± 1 . 0 2 5 .6  1 1 .4 2 9 .5  ± 1 .6
88 4 0 . 0  1 0 .9 4 . 0  t 0 .5 3 6 . 0  t 1 .1 3 6 .0  i  1 .1
113 4 2 . 0  i  1 .6 4 . 0  ± 1 . 0 3 8 .0  ± 2 . 0 36 .4  ± 2 . 0
162 3 9 .5  ± 1 .6 3 .5  ± 1 . 0 3 6 . 0  ± 1 .8 3 2 .8  ± 1 . 6
207 3 9 .0  ± 1 .5 3 . 0  i  1 . 0 3 6 .0  t 1 . 8 3 2 .0  ± 1 . 6
255 3 8 .8  ± 2 . 3 2 . 8  t 0 . 0 3 6 .0  ± 2 . 5 3 1 . 7  ± 2 . 1
269 3 7 .0  ± 0 . 8 2 . 6  ± 0 . 8 3 4 .4  t 1 .2 3 0 .2  ± 1 . 0
281 3 5 .2  ± 1 . 7 2 . 3  ± 0 . 8 3 3 .2  ± 2 . 0 2 9 .1  ± 1 . 8
301 3 4 .6  ± 1 . 7 2 . 0  ± 0 . 5 3 2 .6  ± 2 . 0 2 8 .5  t 1 . 8
311 3 0 .0  ± 1 .9 1 . 5  ± 0 . 5 2 8 .5  ± 2 . 1 2 5 . 0  ± 1 . 9
318 1 6 .2  ± 0 . 8 1 . 0  ± 0 .5 1 5 .2  ± 1 . 0 1 3 .3  t 0 . 9
323 1 . 0  i 1 , 0 0 1 . 0  t 1 . 0 0 . 9  ± 0 . 9
(1 )  Mean energy o f  gamma ray i n t e r v a l .
(2 )  Observed number o f  r o in r id e n c e s ,  n orm alised  f o r  photon f l u x ,
a f t e r  s u b t r a c t io n  o f  random c o in c id e n c e  background.
(3 )  Observed number o f  c o in c id e n c e s ,  n orm alised  f o r  photon f l u x ,
from aj e^'attered background w ith  c o n v e r te r  in  p la c e
p lu s  b) background w ith  no c o n v e r te r  p r e s e n t .
(4 )  N ett number o f  c o in c id e n c e s  c o r r e c te d  forbackgroun d .
(5 )  These numbers which were o b ta in e d  from (4 )  a s  d e s c r ib e d  in  
th e  t e x t  are  p r o p o r t io n a l  to  the number o f  quanta co n ta in ed  
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Figure 3Z. Brem sstrahlung spectrum . The
exp er im en ta l d a ta  ia  shown to g e th e r  w ith  the r e s o lu t io n
a t  500 MeV, The curve i s  the S c h i f f  " th in  ta r g e t"
spectrum.
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I t  can be seen  t h a t  a  good ag reem en t e x i s t s  
be tw een  th e  cu rve  and th e  e x p e r im e n ta l  d a t a  from  100 
MeV up to  t h e  end p o i n t  energy* Below 100 MeV how ever, 
th e  m u l t i p l e  s c a t t e r i n g  o f  th e  e l e c t r o n s  and p o s i t r o n s  
a s  th e y  emerge from  th e  alum inium  c o n v e r t e r  e n a b le s  
them to  p a s s  above and below  th e  s c i n t i l l a t i o n  c o u n te r s .  
As th e  shape of th e  b r e m s s t r a h lu n g  from  meson t h r e s h o ld  
upw ards was th e  th in g  o f  i n t e r e s t  no d e t a i l e d  
c a l c u l a t i o n  on m u l t i p l e  s c a t t e r i n g  l o s s e s  was p e rfo rm e d . 
A rough  c a l c u l a t i o n  d id  show how ever t h a t  th e  above 
rem ark s  a re  a lm o s t  c e r t a i n l y  t r u e .
I t h a s  been  shown t h a t  t h e  b re m s s t ra h lu n g  r a d i a t i o n  
from  th e  s y n c h ro tro n  h a s  th e  same energy  spec trum  ( to  
w i t h i n  ^io ) a s  t h a t  p r e d i c t e d  f o r  a  v e ry  t h i n  r a d i a t o r .  
Thus th e  c o n c lu s io n  i s  t h a t  th e  a n a l y s i s  o f th e  p h o to ­
meson a b s o lu te  c r o s s  s e c t i o n s  h a s  been  conduc ted  
c o r r e c t ly ^  a s  i t  was b a se d  on th e  S c h i f f  b re m s s tra h lu n g  
sp e c tru m .
9r
Chapter Vll
C o n c lu s io n s
Low Energy P io n  Phenomena
The e x p e r im e n ta l  d a t a  in  t h e  f i e l d  o f  low en erg y  
p io n  p h y s ic s  h a s  a t  th e  p r e s e n t  tim e  re a c h e d  th e  
s a t i s f a c t o r y  s t a t e  o f  e x h i b i t i n g  s e l f  c o n s i s te n c y  and 
a l s o  b e in g  a b le  to  be d e s c r ib e d  w i th  good a c c u ra c y  by 
d i s p e r s i o n  t h e o r y .
U n t i l  1958 how ever, th e  p o s i t i o n  was one o f  some 
c o n fu s io n  w i th  d i s c r e p a n c i e s  e x i s t i n g  betw een  th e  
v a r io u s  e x p e r im e n ta l  d a t a  am ounting i n  some c a s e s  t o  
50^ . I t  was t o  th e  c r e d i t  o f  C in i  e t .  a l .  (1958) 
who c l a r i f i e d  th e  s i t u a t i o n ,  and a s s e r t e d  t h a t  w i th  th e  
u se  o f  w e l l  j u s t i f i e d  e x t r a p o l a t i o n  p ro c e d u re s ,  th e  
d a t a  were i n  ag re e m e n t .  The main p o i n t s  i n  t h e i r  
argum ent were th e  fo l lo w in g :
i )  F o llo w in g  a s u g g e s t io n  by B e m a r d i n i  (1955) th e  
e x t r a p o l a t i o n  of t h e  p h o to p ro d u c t io n  c r o s s  s e c t i o n  
to  t h r e s h o l d  was perfo rm ed  making due a l lo w an c e  f o r  
th e  r e t a r d a t i o n  te rm  in  th e  p h o to p ro d u c t io n  a m p l i tu d e .  
The e f f e c t  o f  t h i s  was t o  i n c r e a s e  th e  t h r e s h o l d  v a lu e
of t o  a b o u t  20 x 10”^^ cm^ ^  s t e r a d .
i i )  I t  was s u g g e s te d  t h a t  t h e  c r o s s in g  symmetry, 
which th e  p io n  n u c le o n  s c a t t e r i n g  r e l a t i o n s  e x h i b i t e d ,  
r e q u i r e d  a  new p l o t  f o r  th e  S -  wave s c a t t e r i n g  l e n g th s  
T h is  l e d  t o  th e  low v a lu e  o f  û ^ ^  ^ = 0 .24#
U sing th e s e  newly o b ta in e d  th r e s h o ld  v a l u e s ,  a  P ano fsk y  
r a t i o  P = 1 .5 ,  and a  t h r e s h o l d  7T "/ r a t i o  o f  1 .5 ,  
r e a s o n a b le  ag reem en t i n  t h e  d a ta  were o b ta in e d  when 
i n s e r t e d  i n t o  th e  g e n e r a l  S -  wave p io n  n u c le o n  
r e l a t i o n s h i p  (Hogg 1958):
\ r o  % J
P = 6 .7  X 10"^® /  (Q) -  / (J9)
W = 1
At th e  tim e t h a t  C in i  e t .  a l .  perfo rm ed  t h e i r  a n a l y s i s  
th e  e x i s t i n g  e x p e r im e n ta l  d a ta  d id  n o t  s u b s t a n t i a t e  
t h e i r  a rg u m e n ts .  However, s in c e  th e n  more a c c u r a te  
e x p e r im e n ts  have  been  perfo rm ed  and a l s o  more d e t a i l e d  
t h e o r e t i c a l  t r e a tm e n t s ,  b ased  on th e  o r i g i n a l  C in i  
i d e a s ,  have been  p u b l is h e d  (H am ilton  and Woolcock I 9 6 0 ) .  
A b r i e f  d i s c u s s io n  o f  th e  p r e s e n t  p o s i t i o n  w i l l  now be 
g i v e n •
As d e s c r ib e d  i n  C h ap te r  11 th e  P anofsky  r a t i o  seems 
to  h av e  s e t t l e d  down t o  a  v a lu e  o f  
P = 1 .6 0  t  0 .0 4
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The r e s u l t s  on IT p h o to p ro d u c t io n  from  h y d ro g e n , 
p r e s e n te d  i n  t h i s  T h e s i s ,  a r e  c o n s i s t e n t  w ith  th e  
e x t r a p o l a t i o n  t o  t h r e s h o ld  p r e d ic te d  by th e  d i s p e r s i o n  
r e l a t i o n s ,  w i th  a  t h r e s h o l d  v a lu e  of a^  g iv e n  by
a^  = (2 0 .2  t  1 *5 ) X 10"^ ^  c m ^ /s te ra d
(H am ilton  e t .  aL . I 9 6 0 ) .  R ecen t work on th e  
r a t i o  from  d e u te r iu m  a t  low e n e r g ie s  (Hogg 1958) have 
le a d  to  a  r a t i o  a t  t h r e s h o l d  o f  1 . 3 3 , a f t e r  u s in g  th e  
t h e o r e t i c a l  Coulomb c o r r e c t i o n  f a c t o r  o f  B a ld in  (1 9 5 8 ) .  
T h is  im p l i e s  t h a t  f o r  th e  n e u t ro n
a— = (2 6 .9  -  2 . 0 ) x 10*^^ c m ^ /s te r a d .
The e x p e r im e n ta l  r e s u l t s  o f  Adamovic e t .  a l .  r e p o r t e d
by H am ilton  e t .  a l .  (I960) on TT p h o to p ro d u c t io n  from
d e u te r iu m  a r e  i n  good agreem ent w i th  t h i s  v a lu e  o f  a j  «
When th e s e  v a lu e s  of P , a^ and T  a r e  i n s e r t e d0 o
i n t o  ( ) we o b ta in  th e  c r o s s  s e c t i o n  f o r
charge  exchange s c a t t e r i n g ,
=  0.253  t  0.02
too
T his  h a s  t o  be compared w i th  v a r io u s  r e c e n t  v a l u e s  o f  
th e  s c a t t e r i n g  l e n g th s  deduced from  low energy- 
s c a t t e r i n g  by p ro to n s :
-  s 0.283
+ 0.012 C em  C onference  (1958)
Û 1 -  s 0 .28 C hiu , Lomon (1959)
Û 1 -  s 0 .3 2 0 0 .006 B a m e s  e t .  a l .  ( i 960)
-  ^^3 0 .24
+ 0 .0 2 C in i  e t .  a l .  (1958)
Û 1 -  s 0.267
+ 0.007 H am ilton  e t . a l . ( i9 6 0 )
The wide d is a g re e m e n t  be tw een  th e s e  v a r io u s  w o rk e rs  i s  
due t o  th e  d i f f e r e n t  a n a l y t i c a l  p ro c e d u re s  th e y  have 
a d o p ted  t o  o b ta in  th e  v a lu e  o f Q ^ -  G ^ a t
t h r e s h o l d  from  th e  same e x p e r im e n ta l  d a t a .  T h is  h a s  
been  d i s c u s s e d  i n  some d e t a i l  by H am ilton  e t .  a l . ( i96 0 ) 
whose a n a l y s i s  would a p p e a r  t o  be th e  most t r u s t w o r t h y .  
These a u t h o r s  have  i n  a d d i t i o n  p o in te d  ou t th e  n e c e s s i t y  
o f  a p p ly in g  sm a ll  c o r r e c t i o n s  to  th e  s c a t t e r i n g  l e n g th s  
t o  a l lo w  f o r  Coulomb e f f e c t s  which have  p r e v io u s ly  been  
ig n o r e d .  They f i n d  t h a t  when th e s e  c o r r e c t i o n s  have 
been  a p p l i e d  a v a lu e  of
O i  -  a  = 0 .245  t  0 .007
fOf
i s  o b ta in e d .  T h is  i s  th e  q u a n t i t y  w hich  sh ou ld  be 
compared w ith  v a lu e  o b ta in e d  from  th e  p h o to p ro d u c t io n  
th r e s h o ld  d a ta  and th e  P anofsky  r a t i o ,  nam ely
0. ^ -  a  = 0 .253  t 0 .023
A l l  th e  low energy  p io n  d a ta  a r e ,  t h e r e f o r e ,  i n  good 
agreem ent w i th  one a n o t h e r .
I t  shou ld  be remembered t h a t  t h e  e n t i r e  a n a l y s i s  
h a s  been c a r r i e d  out w i th in  th e  framework o f  t o t a l  
i s t o p i c  s p in  be ing  re g a rd e d  a s  a good quantum num ber. 
C le a r ly  t h i s  i s  a good a p p ro x im a t io n ,  b u t  f i n a l  
agreem ent t o  b e t t e r  th a n  5^  sh o u ld  n o t  be e x p e c te d ,
Noyes (1956)• To show up such a  breakdown o f th e  
h y p o th e s i s  o f charge  in d e p e n d e n c e , i t  would be n e c e s s a r y  
t o  perfo rm  r e a l l y  h ig h  p r e c i s i o n  p h o to p ro d u c t io n  and 
s c a t t e r i n g  e x p e r im e n ts ,  p o s s i b l y  t o  an a c c u ra c y  o f  2^  
o r  b e t t e r .  At th e  p r e s e n t  t im e  such e x p e r im e n ts  seem 
re m o te .  However, i t  i s  t o  be hoped t h a t  ad v an ces  i n  
te c h n iq u e s  w i l l  p ro v id e  th e  n e c e s s a r y  t o o l s  to  p robe  th e  
f i n e r  d e t a i l s  o f th e  p io n  -  n u c le o n  i n t e r a c t i o n .
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a) P o l a r i z a t i o n  o f  F re e  R e l a t i v i s t i o  E l e c t r o n s .  
I n t r o d u c t i o n .
The two component n e u t r i n s  th e o ry  (Lee and Yang 
1957, Salam 1957, Landau 1957) h a s  up t o  th e  p r e s e n t ,  
been  v e ry  s u c c e s s f u l  i n  a c c o u n t in g  f o r  e x p e r im e n ta l  
d a ta  co n c e rn in g  th e  weak i n t e r a c t i o n s  betw een  fe rm io n s  . 
I m p l i c i t  i n  t h i s  th e o r y ,  a r e  th e  i d e a s  t h a t  t h e  n e u t r i n o  
and a n t i - n e u t r i n o  a r e  f u l l y  p o la r i z e d  p a r a l l e l  and a n t i ­
p a r a l l e l  w i th  r e s p e c t  to  t h e i r  d i r e c t i o n  of m o tio n , and 
t h a t  i n  a l l  r e a c t i o n s  th e  number of l e p t o n s  m inus th e  
number o f a n t i - l e p t o n s  re m a in s  c o n s t a n t .  An im m edia te  
consequence o f t h i s  h y p o th e s i s  i s  t h a t  i n  weak i n t e r ­
a c t i o n s  th e  p ro d u c t  fe rm io n s  and a n t i - f e r m io n s  shou ld  
have d i f f e r e n t  l o n g i tu d o n a l  p o l a r i s a t i o n s .  T h is  h a s  
been  con firm ed  in  th e  case  o f th e  h ig h  energy  e l e c t r o n s  
and p o s i t r o n s  from  th e  decay o f  u n p o la r iz e d  n e g a t iv e  
and p o s i t i v e  muons (C u l l ig u n  e t  a l .  1958, Crowe e t  a l .  
1 9 5 8 ) .  S i m i l a r l y ,  r e c e n t  work on n u c l e a r  B- d e cay 
(C o ld h ab er  e t  a l .  1958) h a s  l e d  t o  th e  same c o n c lu s io n s  
r e g a r d in g  th e  fe rm io n  p o l a r i z a t i o n s  i n  t h i s  p r o c e s s .
In  th e  ca se  o f  s t r a n g e  p a r t i c l e  decays  even w i th o u t  th e  
p re s e n c e  o f  n e u t r i n o s  th e  same fe rm io n  a n t i - f e r m io n
p o l a r i z a t i o n  scheme seems t o  h o ld  (S a k u ra i  1959) •
A l l  t h e s e  f a c t s ,  how ever, can be u n d e rs to o d  in  
te rm s o f th e  U n iv e r s a l  V -  A Theory (S a k u ra i  1959)# 
Ther h a s  been  a  r e c e n t  s u g g e s t io n  by G-uggenheimer 
( p r i v a t e  com m unication) t h a t  s i m i l a r  p o l a r i z a t i o n  
phenomena shou ld  o ccu r  when fe rm io n s  become e x tre m e ly  
r e l a t i v i s t i c  and t h a t  th e s e  e f f e c t s  sh ou ld  be 
in d ep en d e n t  o f  th e  s t r e n g t h  of t h e  i n t e r a c t i o n  w hich 
h a s  produced  th e  p a r t i c l e s .
To be more s p e c i f i c  l e t  u s  lo o k  a t  th e  D ira c  
e q u a tio n  d e s c r ib in g  th e  p r o p e r t i e s  o f  a sp in  one h a l f  
p a r t i c l e .  I n  th e  u s u a l  n o t a t i o n  we h a v e ,
( j /  + m ) \ j r  = 0
We may decompose i n t o  two p a r t s ,
T  = *  + i  (1
where 'XlT can be re g a rd e d  a s  a wave f u n c t io n  f o r  a 
r i g h t  handed e l e c t r o n  and s i m i l a r l y  f o r  ^  • The
s o l u t i o n  f o r  becomes
(/U / o  . ,
C</(E + m) I -  iB t)
f o r  an  e l e c t r o n  moving i n  th e  i  d i r e c t i o n .
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I n  o th e r  w ords , & (1 -  ^  can he re g a rd e d  a s  th e  
p r o j e c t i o n  o p e r a to r  f o r  th e  r i g h t  handed s t a t e  a s  
p a r t i c l e s  become r e l a t i v i s t i c .  In  norm al D ira c  
th e o ry  c l e a r l y  th e  two s t a t e s  a r e  e q u a l ly  p o p u la te d .  
G uggenheim er, hov/ever, p ro p o se s  t h a t  on ly  one o f  th e s e  
s t a t e s  i s  p ick ed  ou t i n  n a t u r e .  H is  c o n je c tu r e  r e s t s  
upon th e  f a c t  t h a t  i n  weak i n t e r a c t i o n s ,  fe rm io n s  and 
a n t i - f e r m i o n s  e x h ib t  a n a t u r a l  l e f t  and r i g h t  h e l i c i t y  
r e s p e c t i v e l y .
There a r e  c l e a r l y  c e r t a i n  im p o r ta n t  c o r o l l a r i e s  i f  
th e  s u g g e s t io n  tu rn e d  ou t t o  be c o r r e c t .  These a r e  
t h a t  a t  ex trem e r e l a t i v i s t i c  e n e rg ie s ^  In v a r ia n c e  
u n d e r
a) ch a rg e  c o n ju g a t io n  would be v i o l a t e d
b) I n v a r i a n c e  u n d e r  th e  p a r i t y  o p e r a t io n  would be v i o l a t e d
c) S p e c ia l  r e l a t i v i t y  would b re a k  down. (T h is  can be 
seen  by a p p ly in g  a  L o re n tz  t r a n s f o r m a t io n  to  th e  
"new" D ira c  d e s c r i p t i o n  o f  a  f e r m io n ) .
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A l a r g e  number of p o s s i b l e  o b s e rv a b le  co n seq u en ces  
o f t h i s  h y p o th e s i s  would t h e r e f o r e  be p o s s i b l e .  The 
m ost a v a i l a b l e  r e l a t i v i s t i c  fe rm io n s  a r e  o f  c o u rse  
e l e c t r o n s  and we c o n s id e r  i f  any e x p e r im e n ts  which have  
been  perfo rm ed  i n  th e  past^ would show any o f  th e  e f f e c t s
a ) ,  b) o r  c ) . C o n s id e r  f o r  exam ple^ the  e l e c t r o n  
s c a t t e r i n g  e x p e r im e n ts  a t  S ta n fo rd  u s in g  an e l e c t r o n  
l i n e a r  a c c e l e r a t o r .  I t  can be shown t h a t  th e  a n g u la r  
d i s t r i b u t i o n s  o f e l a s t i c a l l y  s c a t t e r e d  e l e c t r o n s  from 
n u c l e i  a r e  in d ep e n d e n t  o f th e  s t a t e  o f l o n g i tu d o n a l  
p o l a r i z a t i o n  o f th e  e l e c t r o n  beam. T h is  a p p l i e s  
e q u a l ly  w e l l  b o th  to  th e  e l e c t r i c  and m ag n e tic  
s c a t t e r i n g  a m p l i tu d e s .  The r e q u i r e d  c o n d i t io n  to  
o b se rv e  s p e c i f i c  p o l a r i z a t i o n  phenomena i n  e l e c t r o n  
s c a t t e r i n g  i s  t h a t  t h e  t a r g e t  n u c l e i  must be l i g n e d up 
and p o in t in g  i n  a p a r t i c u l a r  d i r e c t i o n .  T h is  ty p e  o f  
ex p e r im e n t h a s  been c o n s id e re d  from  th e  t h e o r e t i c a l  
p o in t  o f v iew  by Newton (1956) who showed t h a t  in fo rm a ­
t i o n  r e g a r d in g  th e  n u c l e a r  m ag n e tic  form  f a c t o r s  cou ld  
be o b ta in e d  i n  t h i s  way. U n fo r tu n a te ly  such  e x p e r im e n ts
have n o t  been  p e r fo rm ed . By a s i m i l a r  to k e n  any
e x p e r im e n ts  on th e  m u l t i p l e  s c a t t e r i n g  o f e l e c t r o n s  do 
n o t  g iv e  in f o rm a t io n  on th e  s t a t e  o f  lo n g i tu d o n a l  
p o l a r i z a t i o n  o f  th e  e l e c t r o n s .  The o th e r  ty p e  o f
iO&
ex p e rim en t p o s s i b l e  w i th  h ig h  en ergy  e l e c t r o n  a c c e l e r ­
a t o r s  i s  t o  a l lo w  th e  e l e c t r o n  beam to  s t r i k e  a t a r g e t  
and produce  a b re m s s tra h lu n g  gamma ray  beam. With a 
l o n g i tu d o n a l l y  p o l a r i z e d  e l e c t r o n  beam t h i s  would r e s u l t  
i n  a  c i r c u l a r l y  p o l a r i z e d  gamma beam (McVoy and Dyson 
1957)* No ex p e rim en t t o  d a te  such  a s  meson 
p h o to p ro d u c t io n  o r  p h o t o d i s i n t e g r a t i o n  would have 
d e t e c te d  such a p o l a r i z a t i o n .
In  v iew  o f th e  a p p a re n t  l a c k  o f  e x p e r im e n ta l  
e v id en c e  a g a i n s t  th e  Guggenheimer s u g g e s t io n  i t  was 
th o u g h t  t h a t  an  a t te m p t  shou ld  be made to  p ro v id e  
j u s t i f i c a t i o n  or o th e rw is e  f o r  th e  h y p o t h e s i s ,
i )  A p p a ra tu s .
To d e t e c t  l o n g i tu d o n a l  p o l a r i z a t i o n  o f h ig h  en e rg y  
( ^ 50 MeV) e l e c t r o n s  from  muon d ecay , p r e v io u s  
e x p e r im e n te r s  (C u l l ig a n  e t  a l . ,  Crowe e t  a l . )  have made 
u se  o f  t h e  f a c t  t h a t  such p o l a r i z a t i o n  p e r s i s t s  i n  th e  
b re m s s t r a h lu n g  q u an ta  produced  by th e  e l e c t r o n s  (McVoy 
and Dyson 1 9 5 7 ) .  The p o l a r i z a t i o n  o f t h e  q u a n ta  can 
be d e t e c te d  by a  com parison  of t h e i r  t r a n s m is s io n  
th ro u g h  i r o n  m agne tized  p a r a l l e l  o r  a n t i - p a r a l l e l  t o  
t h e i r  d i r e c t i o n  o f  m o tio n .  There i s  a  d i f f e r e n c e  i n  
th e  t r a n s m is s io n  due t o  p a r t  of th e  Compton c r o s s  
s e c t i o n  b e in g  dependen t on th e  r e l a t i v e  d i r e c t i o n s  of 
th e  s p in s  of quantum and s c a t t e r i n g  e l e c t r o n  (G unst
t o i
and Page 1953) • Over th e  ene rgy  r e g io n  w i th  which we 
a r e  concerned  (10 MeV to  50 MeV) th e  d i f f e r e n c e  i n  
t r a n s m is s io n  th ro u g h  th e  16 cm. t h i c k n e s s  o f  iron  u sed  
i n  th e  e x p e r im e n t ,  when th e  d i r e c t i o n  o f  m a g n e t iz a t io n  
i s  r e v e r s e d ,  i s  ex p e c te d  t o  he 5^ i f  th e  ^ - r a d i a t i o n  
i s  f u l l y  p o l a r i z e d .
A beam o f  a p p ro x im a te ly  m o n o en e rg e tic  e l e c t r o n s  
was produced  by a l lo w in g  th e  b re m s s t ra h lu n g  beam from  
th e  s y n c h ro t ro n  to  s t r i k e  an  alum inium  t a r g e t  .015*’ 
t h i c k  p la c e d  a t  th e  c o n v e r t e r  p o s i t i o n  i n  th e  p a i r  
s p e c t r o m e te r .  The m ag n e tic  f i e l d  i n  th e  s p e c t r o m e te r  
was a d ju s t e d  t o  a l lo w  52 t  3 MeV e l e c t r o n s  t o  bend ou t 
th ro u g h  a  s l i t  i n  a  l e a d  s c r e e n .  F ig u re  33 shows th e  
g e n e r a l  a rran g em en t o f th e  a p p a r a tu s .  The e l e c t r o n s  
p roduce  b re m s s t ra h lu n g  in  th e  l e a d  r a d i a t o r ,  6 mm. 
t h i c k ,  and t h i s  th e n  p a s s e s  th ro u g h  th e  16 cm. lo n g  
c y l i n d r i c a l  co re  o f th e  magnet t o  be d e t e c te d  i n  th e  
2" d ia m e te r  î^a . I  c r y s t a l .  I n t e g r a t e d  p u l s e s  from  th e  
c o u n te r  were ta k e n  t o  a  g a te  which was opened f o r  a  
p e r io d  o f  2 ^  sec  d u r in g  which t im e  th e  s y n c h ro t ro n  beam 
e x i s t e d  f o r  ab o u t I'M s e c .  The p u l s e s  which p a s se d  
th ro u g h  th e  g a te  were th e n  a m p l i f i e d  and d e la y  l i n e  
shaped so t h a t  th e y  were o f  1/U sec  d u r a t i o n  and 
a p p ro x im a te ly  f l a t  to p p e d .  These p u l s e s  were p a s se d  t o
!07(k
F igu re 33 • • G eneral la y o u t o f  apparatus fo r
m easuring p o la r iz a t io n  o f r e l a t i v i s t i c  e le c tr o n s*
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a  100 ch a n n e l  p u ls e  h e ig h t  a n a l y s e r .
M o n ito r in g  o f  th e  i n c i d e n t  e l e c t r o n  beam was 
c a r r i e d  ou t i n  two w ays. F i r s t  a  sm a ll  r e c t a n g u l a r  
s c i n t i l l a t i o n  c o u n te r  d e t e c te d  a f i x e d  f r a c t i o n  of th e  
t o t a l  number o f  i n c i d e n t  e l e c t r o n s .  S econ d ly , th e  
C o rn e l l  t h i c k  w a l le d  i o n i z a t i o n  chamber which a c t u a l l y  
m o n ito red  th e  b re m s s tra h lu n g  beam b u t  which e f f e c t i v e l y  
o p e ra te d  a s  a m o n ito r  f o r  th e  i n c i d e n t  f l u x  of e l e c t r o n s  
a s  w e l l .  The r e s u l t s  were c a l c u l a t e d  on th e  b a s i s  o f 
each  m o n ito r  and found to  be i d e n t i c a l .
One of th e  p r i n c i p l e  s o u rc e s  o f  p o s s ib l e  s y s te m a t ic  
e r r o r  i n  t h i s  i n v e s t i g a t i o n  was d i r e c t  m agn e tic  e f f e c t s  
on e i t h e r  of th e  c o u n te r s .  Both m u l t i p l i e r s  were 
s h ie ld e d  v /ith  s o f t  i r o n  and m u-m etal and th e  f i e l d  in  
th e  ne ighbourhood  of th e  Na 1 c o u n te r  co u ld  be m inim ized 
w i th  com pensa ting  c o i l s .
To check th e  c o u n te r s  f o r  r e s i d u a l  e f f e c t s ,  p u l s e s  
due to  a  r a d i o a c t i v e  so u rce  w ere ta k e n  from  each  c o u n te r  
i n  t u r n  and p assed  to  a  p u ls e  h e i g h t  a n a ly s e r  and 
re c o rd e d  w i th  th e  m ag n e tic  f i e l d  o f th e  p o l a r i z a t i o n  
a n a l y s e r  f i r s t  one way, th e n  th e  o t h e r .  In  t h i s  way, 
i t  was shown t h a t  any change i n  p u ls e  h e i g h t  was ^  1 ^ .  
I t  was a l s o  v e r i f i e d  t h a t  e f f e c t s  due t o  th e  s p e c tro m e te r
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magnet were e n t i r e l y  n e g l i g i b l e  i . e . ,  ^  1^ . I t  w i l l
be shown l a t e r  t h a t  th e  p o s s i b l e  s l i g h t  r e s i d u a l  e f f e c t  
o f  th e  a n a ly s e r  canno t p roduce  a  s y s te m a t ic  e r r o r  i n  th e  
f i n a l  r e s u l t .
The a rran g em en t had been  shown t o  be an a n a l y s e r  o f 
c i r c u l a r  p o l a r i z a t i o n  by th e  L iv e rp o o l  g r o u p ( to  whom 
th a n k s  a re  due f o r  th e  k in d  g i f t  o f  th e  m agnet) by u s in g  
th e  b re m s s t ra h lu n g  r a d i a t i o n  from  y  - r a d i a t i o n ,  
w hich i s  known to  be h ig h ly  p o l a r i z e d ,  (G-oldhaber e t  a l .  
1957) .  The a n a ly s e r  was u sed  i n  th e  p r e s e n t  e x p e r im e n t  
w i th  i d e n t i c a l  m a g n e t iz a t io n  to  t h a t  employed a t  
L i v e r p o o l •
In  o rd e r  t o  e s t a b l i s h  th e  en e rg y  s c a le  o f  t h e  p u ls e  
h e i g h t  d i s t r i b u t i o n  from  th e  Na I  c o u n te r  th e  a n a ly s in g  
m agnet was rem oved. Thus a  beam o f  e l e c t r o n s  o f  known 
and v a r i a b l e  energy  was a llo w ed  t o  s t r i k e  th e  Na I  
c o u n te r .  T h is  was perfo rm ed  f o r  e l e c t r o n s  o f en e rg y  
10 -  50 MeV. F or e n e r g i e s  l e s s  th a n  ab o u t  25 MeV, 
p eak s  i n  th e  d i s t r i b u t i o n s  co u ld  be d i s c e r n e d ,  b u t  above 
t h i s  ene rgy  th e  r e s o l u t i o n  was p o o r .
M easurem ents and R e s u l t s .
The sp ec trum  of p u l s e s  from  th e  sodium io d id e  
c o u n te r  was re c o rd e d  f o r  a  g iv e n  number o f m o n i to r
no
c o u n ts  w i th  th e  a n a ly s e r  m ag n e tic  f i e l d  f i r s t  i n  one 
d i r e c t i o n  and th e n  th e  o t h e r .  There was an  i n t e r v a l  o f 
ab o u t 5 m in u te s  betw een r e v e r s a l s  and each  ru n  l a s t e d  
f o r  ab o u t 15 m in u te s .
A f t e r  ab o u t e i g h t  such r e v e r s a l s  th e  m ag n e tic  
f i e l d  i n  th e  p a i r  s p e c t ro m e te r  was r e v e r s e d  th u s  
p ro v id in g  a  beam o f  p o s i t r o n s .  The ex p e rim en t was 
r e p e a te d  e x a c t ly  a s  f o r  e l e c t r o n s  f o r  a b o u t  e i g h t  r u n s .
The e n t i r e  p ro c e d u re  was r e p e a te d  t h r e e  t im e s  w ith  
f r e q u e n t  ch eck s  on th e  g a in  o f  m u l t i p l i e r s  and o v e r a l l  
e l e c t r o n i c  sy s tem .
To i n v e s t i g a t e  background e f f e c t s  th e  6 m.m. le a d  
r a d i a t o r  was r e p la c e d  by 10 cms. o f l e a d  which e f f e c t ­
i v e l y  a l lo w e d  none of th e  shower p ro d u c ts  t o  e n t e r  th e  
i r o n .  I t  was found t h a t  th e  c o u n tin g  r a t e  f o r  p u l s e s  
>  10 MeV was l e s s  th a n  Vfo o f  th e  r a t e  when th e  norm al 
r a d i a t o r  was p r e s e n t .  The p r i n c i p a l  c o n s t i t u e n t  of 
t h i s  c o u n t in g  r a t e  was tim e background  due to  cosm ic 
r a y s .  These background r a t e s  were s u b t r a c te d  from  th e  
no rm al c o u n ts  w ith  th e  6 m.m. r a d i a t o r  p r e s e n t .  The 
r e s u l t s  were th e n  a n a ly se d  a s  f o l l o w s .  For th e  
e l e c t r o n s  t h e  d i f f e r e n c e  betw een  th e  t o t a l  s p e c t r a  f o r  
th e  two d i r e c t i o n s  of a n a ly s e r  m a g n e t iz a t io n  was ta k e n
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a s  a p e r c e n ta g e  o f th e  mean. I f  v/e c a l l  t h i s  q u a n t i t y  
and th e  s i m i l a r  q u a n t i t y  f o r  p o s i t r o n s  (B)
th e n
Ç = Ie(E) - «Tp (B)
was o b t a i n e d . The r e s u l t s  shou ld  th e n  be in d e p e n d e n t  
o f any s l i g h t  a n a ly s e r  m ag n e tic  e f f e c t  on th e  sodium 
io d id e  c o u n te r  a s  t h e  e f f e c t  would be o p p o s i te  f o r  
e l e c t r o n s  and p o s i t r o n s .  The r e s u l t  i s  shown i n  f i g u r e  
54 where a l l  c o u n ts  re c o rd e d  i n  c h a n n e ls  above th e  10 
MeV l e v e l  have been  g rouped  i n t o  one p o i n t .  The e r r o r  
shown i s  t h e  s t a t i s t i c a l  s t a n d a r d  d e v i a t i o n .  A lso  
shown f o r  com parison  i n  f i g u r e  54 a r e  th e  r e s u l t s  
o b ta in e d  by the  L iv e rp o o l  and Chicago g ro u p s  f o r  th e  
p o l a r i z a t i o n  of e l e c t r o n s  and p o s i t r o n s  from  muons u s in g  
more o r  l e s s  i d e n t i c a l  a p p a r a t u s .  The b ro ken  c u rv e s  
a r e  due t o  C u l l ig a n  e t  a l . ,  and a t te m p t  t o  s e t  l i m i t s  
be tw een  w hich  th e  e x p e r im e n ta l  p o i n t s  shou ld  l i e  i f  th e  
e l e c t r o n s  a r e  f u l l y  p o l a r i z e d .  The cu rve  showing th e  
g r e a t e r  e f f e c t  was c a l c u l a t e d  on th e  a ssu m p tio n  t h a t  th e  
b re m s s t r a h lu n g  r a d i a t i o n  a l s o  was f u l l y  p o l a r i z e d .  The 
fo rm u la  o f  C unst and Page (1953) f o r  th e  s p in  dependence 
o f  t h e  Compton c r o s s  s e c t i o n  a s  a  f u n c t i o n  o f ene rgy  was 




F i g u r e  3 4 ,  , R e s u l t s  o f  e l e c t r o n  p o l  a r l z . *  t  i o n
e x p e r i m e n t .  The  p r e s e n t  e x p e r i m e n t  i n d i c a t e s  v e r y  
p r o b a b l y  z e r o  p o l a r i z a t i o n .  The  c u r v e s  a r e  e x p l a i n e d  
i n  t h e  t e x t .
n x
degree  of s a t u r a t i o n *  The cu rve  showing th e  s m a l le r  
e f f e c t  was c a l c u l a t e d  hy c o n s id e r in g  50 MeV f u l l y  
p o la r i z e d  e l e c t r o n s  to  he i n c i d e n t  on th e  l e a d  r a d i a t o r  
and c a r ry in g  th ro u g h  a  Monte C a r lo  c a l c u l a t i o n  on th e  
showers p ro d u c e d , u s in g  th e  fo rm u lae  g iv e n  by Dyson
(1957) f o r  th e  p o l a r i z a t i o n  of th e  seco n d ary  q u an ta  and 
e le c t r o n s *  The second c a se  c l e a r l y  a p p l i e s  d i r e c t l y  
t o  th e  p r e s e n t  experim en t*  Two c o n c lu s io n s  may 
t h e r e f o r e  be reach ed :
1) The p r e s e n t  r e s u l t  shows a d i s t i n c t  d i f f e r e n c e  from  
th e  r e s u l t s  w ith  th e  100^ p o l a r i z e d  ^  - s p e c tru m  
from muon decay*
2) The p r e s e n t  r e s u l t  i s  i n  b e t t e r  agreem ent w ith  an 
ass ig nm en t o f  z e ro  p o l a r i z a t i o n  r a t h e r  th a n  100$^ 
p o l a r i z a t i o n  by ab o u t two s ta n d a r d  d e v i a t i o n s .
T h is  c o n s t i t u t e s  a  p o s i t i v e  r e s u l t  o f  z e ro  p o l a r ­
i z a t i o n  w i th  som eth ing  l i k e  90^ c e r t a i n t y  *
I t  may be s a id  t h a t  r e a s o n a b le  e x p e r im e n ta l  e v id en c e  
h a s  been  o b ta in e d  to  show t h a t  th e  Guggenheimer 
h y p o th e s i s  i s  v e ry  l i k e l y  f a l s e .
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b) A P o s s ib l e  Method of O b ta in in g  High Energy P la n e  
P o la r i z e d  Gamma R ay s .
The fo l lo w in g  i s  a  b r i e f  d e s c r i p t i o n  o f  a  te c h n iq u e  
p roposed  by th e  a u th o r  to  th e  Working Committee o f  th e  
R a t io n a l  I n s t i t u t e  who a t  th e  p r e s e n t  tim e a re  
i n v e s t i g a t i n g  th e  p o s s i b i l i t i e s  o f h ig h  energy  e l e c t r o n  
a c c e l e r a t o r s .
Two m ethods have been  u sed  up t i l l  now i n  th e
p ro d u c t io n  o f p lan e  p o la r i z e d  gamma r a y s .  These a r e
th e  u se  o f a  m o n o -c ry s ta l  a s  a  t a r g e t  i n  th e  e l e c t r o n
beam and sec o n d ly  th e  use  of b re m s s t ra h lu n g  e m i t te d  a t
c ^th e  'n a t u r a l  * a n g le  r a d i a n s  where E i s  th e  en e rg y
o f  th e  i n c i d e n t  e l e c t r o n  beam. Both of th e s e  te c h n iq u e s  
s u f f e r  from  q u i t e  s e r i o u s  d i s a d v a n ta g e s  such a s  h ig h  
t o l e r a n c e s  on v e ry  sm all  a n g le s  and an  ex tre m e ly  t h i n  
r a d i a t o r  t o  m inim ize m u l t i p l e  s c a t t e r i n g  i n  th e  l a t t e r  
c a s e . With th e  u se  o f m o n o -c r y s ta ls  one can on ly  
e x p e c t  som eth ing  l i k e  155  ^ p la n e  p o l a r i z a t i o n  up t o  a b o u t  
one t h i r d  o f  th e  energy  of th e  i n c i d e n t  e l e c t r o n s .
T h is  would c l e a r l y  be a m ost uneconomic means o f 
s tu d y in g  asym u tha l a s s y m é t r ie s  i n  th e  p h o to p ro d u c t io n  
o f  s t r a n g e  p a r t i c l e s  where i t  i s  c o s t l y  enough to  even 
r e a c h  th e  t h r e s h o l d  of some o f  th e s e  r e a c t i o n s .
/ / 4
100^ t r a n s v e r s e  p o l a r i z a t i o n  would be o b ta in e d .  The 
s p in  c o n t in u e s  to  p r e c e s s  and a f t e r  a  f u r t h e r  75 >*• s e c s  
w i l l  have r e tu r n e d  to  i t s  o r i g i n a l  s t a t e .
Meanwhile th e  e l e c t r o n s  have been  c o n t in u o u s ly  
made to  p roduce  a b re m s s t ra h lu n g  beam whose s t a t e  o f  
p lan e  p o l a r i z a t i o n  v a r i e s  s i n u s o i d a l l y  betw een  t  100?^ 
w ith  a w av e len g th  o f 100^^ s e c .
Thus what we have to  p ro v id e  i s  a  l o n g i tu d o n a l l y  
p o l a r i z e d  e l e c t r o n  beam i n  a s u i t a b l e  phase  space f o r  
i n j e c t i o n  i n t o  th e  l i n a c .  The y3 -d e c a y  o f n u c l e i  
r e p r e s e n t s  a  n a t u r a l  supp ly  o f  l o n g i tu d o n a l ly  p o l a r i z e d  
e l e c t r o n s ,  b u t  u n f o r t u n a t e ly  w i th  t o t a l l y  in a d e q u a te  
c u r r e n t s  f o r  any a v a i l a b l e  so u rce  s t r e n g t h .  There a r e  
s e v e r a l  ways of p ro d u c in g  p o l a r i z e d  e l e c t r o n s  and t h e s e  
a r e  d i s c u s s e d  in  some d e t a i l  by Tolhock (1 9 5 6 ) .  The 
most s u i t a b l e  method t u r n s  o u t  t o  be what cou ld  be 
c a l l e d  'S i n g l e  M ott S c a t t e r i n g '  . In  t h i s  method we 
c o n s id e r  a  beam of ab o u t 1 amp o f 200 kev e l e c t r o n s  from  
an o rd in a r y  gun fo c u s s e d  to  a sp o t  a t  w hich p o in t  a  t h i n  
^ ^ 1  mgi^ t u n g s te n  t a r g e t  i s  p l a c e d .  Those e l e c t r o n s  
which a r e  s c a t t e r e d  backw ards (60^ p o l a r i z e d  to  th e  p la n e  
o f  s c a t t e r i n g )  a t  a b o u t  120^ a r e  fo c u sse d  and b e n t  
th ro u g h  an an g le  ^  90^ by means o f two e l e c t r o s t a t i c
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The p roposed  method i s  b a se d  upon th e  f a c t  t h a t  
when a t r a n s v e r s e l y  p o l a r i z e d  e l e c t r o n  p ro d u c e s  a 
b re m s s t ra h lu n g  gamma ra y  a  h ig h  d eg ree  o f  p la n e  
p o l a r i z a t i o n  o f th e  gamma ra y  r e s u l t s .
I t  t u r n s  ou t t h a t  t h e  v e ry  c o n d i t io n s  r e q u i r e d  t o  
p roduce  a  h ig h  energy  beam of t r a n s v e r s e l y  p o l a r i z e d  
e l e c t r o n s  a r e  i n h e r e n t  i n  t h e  p r o p e r t i e s  o f a  l i n a c  
s to r a g e  r in g  c o m b in a t io n .  To e x p la in  f u r t h e r ,  l e t  u s  
assume t h a t  we can i n  some way i n j e c t  i n t o  th e  l i n e a r  
a c c e l e r a t o r  a  beam o f l o n g i tu d o n a l l y  p o l a r i z e d  e l e c t r o n s .  
Then th e s e  e l e c t r o n s  w i l l  be a c c e l e r a t e d  t o  say  2 GeV 
and s im u lta n e o u s ly  r e t a i n  t h e i r  l o n g i tu d o n a l  p o l a r i ­
z a t i o n .  However, when th e  e l e c t r o n  beam e n t e r s  th e  
s to r a g e  r i n g ,  th e  p u rpose  o f  which i s  to  keep th e  
e l e c t r o n  beam c i r c u l a t i n g  i n  a g iv e n  o r b i t ,  th e  e l e c t r o n  
s p in  d i r e c t i o n  p r e c e s s e s  r e l a t i v e  to  t h e  e l e c t r o n  
momentum. T h is  i s  due t o  th e  "g" v a lu e  o f  th e  e l e c t r o n  
n o t  b e in g  e x a c t ly  2 .  I t  i s  i n  f a c t  ab o u t one p a r t  i n  
a  th o u san d  d i f f e r e n t  from  two and t h i s  p ro d u c es  a  
t r a n s v e r s e  p o l a r i z a t i o n  o f th e  e l e c t r o n  beam a f t e r  250 
r e v o l u t i o n s .  As th e  t im e  f o r  th e  e l e c t r o n s  to  go round 
th e  s to ra g e  r i n g  once would be of th e  o rd e r  o f  0 . 1 sec 
th e n  25y&L s e c s  a f t e r  i n j e c t i o n  o f  th e  e l e c t r o n  beam a
n  ù>
d e f l e c t o r s  th u s  a l i g n i n g  t h e i r  s p in s  a lo n g  t h e i r  
momenta. Rough c a l c u l a t i o n s  have i n d i c a t e d  t h a t  f o r  
1 amp i n t i a l  c u r r e n t  i t  sho u ld  be p o s s i b l e  t o  o b ta in  a  
c u r r e n t  ^  100^  amp w i th in  th e  phase  space
re q u ir e m e n ts  of a bunc h e r  of a  l i n e a r  a c c e l e r a t o r .  
A lthough  t h i s  i s  down by a f a c t o r  o f  ^  100 on th e  
norm al l i n a c  peak c u r r e n t s  i t  would r e s u l t  i n  a  
b re m s s tra h lu n g  i n t e n s i t y  com parable  (w i th in  an  o rd e r  o f 
m agn itude) w i th  t h a t  o f Ge7 s y n c h r o t r o n s .
I t  i s  c l e a r  t h a t  such a  t e c h n iq u e  h a s  d e c id e d  
a d v a n ta g e s  o ver th e  o th e r  means f o r  c r e a t i n g  p la n e  
p o la r i z e d  gamma r a y s .  F o r ' i n s t a n c e  th e  gamma p o l a r i z a ­
t i o n  rem a in s  up to  th e  i n c i d e n t  ene rg y  o f  th e  e l e c t r o n .
I t  may b e ,  t h a t  such a  te c h n iq u e  would p ro v id e  
u s e f u l  in fo rm a t io n  ab o u t th e  p h o to p ro d u c t io n  p r o p e r t i e s  
and s t r u c t u r e  o f th e  s t r a n g e  p a r t i c l e s  o f m odem  p h y s ic s
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P u b l i c a t i o n s .
1 .  The P h o to p ro d u c t io n  o f  Charged P io n s  from
D eu te riu m  by J .G .  R u th e rg le n  and J .K .  W alker. 
S u b m itted  to  th e  "P ro c eed in g  o f  th e  P h y s ic a l  
S o c i e t y " •
2 .  A S c i n t i l l a t i o n  C o u n te r  T e lescope  f o r  th e
D e te c t io n  o f Charged P io n s  by J.Gr. R u th e rg le n  
and J .K .  W alker. S ubm itted  t o  "R u c le a r  
I n s t r u m e n t s " •
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